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Preface 



In the last 20 years, rabbit production has become an increasingly intensive 
system, such that productivity is now equivalent to that obtained in other 
intensively farmed species. 

The importance of nutrition has increased significantly as feed costs, 
pathological conditions associated with energy and nutrient deficiencies, and 
considerations of product quality have become limiting factors to economic 
output from a unit. 

The rabbit is unique. It requires a high daily nutrient and energy intake 
but, because it is a herbivore, it also needs a diet with a high concentration of 
fibre to ensure optimum performance and, in addition, to minimize the in- 
cidence of digestive disorders. 

Diets of rabbits are closer to those of dairy cows than to other intensive 
meat producers such as pigs or poultry. This means use of a wider range of 
raw materials (forages, but also those with high concentration of energy and 
nutrients) and greater complexity in both formulation of optimum diets and 
the overall feed manufacturing process. 

Furthermore, the unusual digestive physiology includes several charac- 
teristics such as the mechanism of particle separation at the ileo-caecal 
junction and the recycling of soft faeces through caecotrophy, both of which 
have specific nutritional and pathological implications. 

The objective of this book has been to update the wealth of scientific 
information on rabbit feeding and nutrition. The chapters have been written 
by distinguished research workers from around the world who are recognized 
specialists in their field. The contents cover the physiological basis of 
nutrition, nutrient requirements, feeding value and management, feed manu- 
facturing, interaction of nutrition with environment, pathology and carcass 
quality. The final two chapters have been devoted to Angora and pet rabbits. 
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Introduction 

The digestive system of the rabbit is characterized by the relative importance 
of the caecum and colon when compared with other species (Portsmouth. 
1977). As a consequence, the microbial activity of the caecum is of great 
importance for the processes of digestion and nutrient utilization. 
Furthermore, caecotrophy, the behaviour of ingestion of soft faeces of caecal 
origin, makes microbial digestion in the caecum more important for the 
overall utilization of nutrients by the rabbit. Additionally, the rabbit has 
developed a strategy of high feed intake (65-80 g kg 1 body weight (BW)) 
and a rapid transit of feed through the digestive system to meet nutritional 
requirements. 

To reach its full functional capacity, the digestive system of the growing 
rabbit must go through a period of adaptation from a milk-base feeding to the 
sole dependence on solid feed without milk or its by-products. It is intended 
in this chapter: (i) to give a general and brief description of the morphological 
and functional characteristics of the digestive system of the rabbit that may be 
important for understanding the digestive processes explained in the 
following chapters; and (ii) to explain how these characteristics change from 
the time of weaning until attainment of maturity. 



The digestive system of the rabbit 

The first important compartment of the digestive system of the rabbit is the 
stomach, which has a very weak muscular layer and is always partially filled. 
After caecotrophy the fundic region of the stomach acts as a storage cavity for 
caecotrophs. Thus, the stomach is continuously secreting and the pH is acid. 
The stomach pH ranges from 1 to 5, depending on site of determination 
(fundus vs. cardiac-pyloric region), the presence or absence of soft faeces 
(Griffiths and Davies, 1963). the time from the feed intake (Alexander and 
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Chowdhury, 1958) and the age of the rabbit (Grobner, 1982). The lowest 
figures (from 1 to 2.5) are determined in the cardiac region, in the absence of 
soft faeces, after 4 h of diet ingestion, and rabbits older than 5 weeks. The 
capacity of the stomach is about 0.34 of the total capacity of the digestive 
system (Portsmouth. 1977). The stomach is linked with a coiled caecum by a 
small intestine approximately 3 m long where the secretion of bile, digestive 
enzymes and buffers occurs. The pH of the small intestine is close to 7 (Vernay 
and Raynaud, 1975). The caecum is characterized by having a weak muscular 
layer and contents with a dry matter of 200 g kg -1 . The pH of the caecal 
contents is slightly acid (5. 6-6.2) (Candau etal., 1986; Carabano et at., 1988). 
The capacity of the caecum is approximately 0.49 of the total capacity of the 
digestive tract (Portsmouth. 1977). The colon can be divided in two portions, 
the proximal colon (approximately 35 cm long) and the distal colon (80-100 
cm long). The proximal colon can be further divided into three segments: the 
first segment possesses three taeniae with the formation of haustra between 
them, while the second segment has a single taenia covering half of the 
circumference of the digestive tube, and the third segment or fusus coli has no 
taeniae or haustra but is densely enervated. Thus, it acts as a pacemaker for the 
colon during the phase of hard faeces formation (Snipes et al., 1982). 



Age-related changes in the morphology and function of 
the digestive system of the rabbit 

The different segments of the digestive system of the rabbit grow at different 
rates until reaching maturity. The capacity for milk intake increases threefold 
from the time of birth until the peak of milk production (12-35 g milk day -1 ). 
Caecum and colon develop faster than the rest of the body from 3 to 7 weeks 
of age whereas the relative size of intestine and stomach decreases from 3 to 
11 weeks of age (Fig. 1.1; Lebas and Laplace, 1972). The fast growth of the 
caecum during this period is more evident if the caecal contents are included. 
Caecum and caecal contents reach a peak of about 0.06 of total body weight at 
7-9 weeks of age. The pH of the caecum is also affected by age and decreases 
from 6.8 at 15 days of age to 5.6 at 50 days of age (Padilha et al., 1995). 

Very marked changes also occur in the activity of the different digestive 
enzymes. In the 4-week-old rabbit, the activity of gastric lipase represents 
most of the lipolytic activity of the whole digestive tract, whereas this activity 
is not detectable in the 3-month-old rabbit (Marounek et al., 1995). As the 
activity of gastric lipase decreases, pancreatic lipase activity increases, both 
when expressed as specific activity (pmol of substrate degraded per unit of 
time and mg of protein) or as total activity (pmol of substrate degraded per 
unit of time for the whole organ) after 14 days of age. Prior to this age. the 
specific activity is constant or increases slightly (Lebas et al., 1971; Corring 
etal., 1972). 
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Fig. 1.1. Development of different segments of the digestive system of the rabbit from 3 to 11 
weeks (Lebas and Laplace, 1972). 



The main proteolytic activity is also localized in the stomach of the 
young rabbit and its importance decreases with age as proteolytic activity in 
the caecum, colon and pancreas increases (Marounek et al., 1995). In the case 
of the pancreatic enzymes trypsin and chymotrypsin, their total activity 
increases markedly after 32 and 21 days of age, respectively (Coning et al., 
1972). However, the specific activities of these two enzymes decrease during 
the period 1-43 days of age (Lebas et al., 1971). 

The other main enzyme activity at the pancreatic level is amylase. The 
age-related changes in the activity of this enzyme are similar to those of the 
pancreatic lipase, with marked increases both in specific and total activities 
after 14 days of age and a slight decrease in specific activity from 1 to 14 days 
of age (Lebas et al., 1971; Corring et al., 1972). The carbohydrase activity of 
the pancreas is complemented by the activities of disaccharidases located 
mainly in the small intestine. Lactase activity decreases with age whereas that 
of invertase and maltase increases (Marounek et al., 1995). Other enzyme 
activities that increase markedly with the age of the rabbit are those due to the 
presence of microorganisms that will determine the ability of the rabbit to 
utilize fibre sources. Cellulase, pectinase, xylanase and urease are some of the 
main activities provided by the intestinal microflora. 



Role of the intestinal flora in the digestion and absorption 
of nutrients by the rabbit 

The presence of the microbial population in the caecum, together with 
caecotrophy, permits the rabbit to obtain additional energy, amino acids and 
vitamins. The main genus of the microbial population in the caecum of the 
adult rabbit is Bacteroides (Gouet and Fonty, 1973). The Bacteroides 
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population comprises 1 0 9 — 10 10 bacteria g 1 and other genera such as 
Bifidobacterium, Clostridium, Streptococcus and Enterobacter complete this 
population to give a bacterial load of 10 10 — 10 12 bacteria g 1 (Bonnafous and 
Raynaud, 1970; Gouet and Fonty, 1979; Forsythe and Parker, 1985; Penney et 
al., 1986; Cortez et al., 1992). 

The presence of cellulolytic bacteria in the caecum of the rabbit has 
already been indicated by Hall (1952) and Davies (1965). Later, Emaldi et al. 
(1979) studied the enzymatic activities of this microflora and indicated that 
the main activities were, in decreasing order, ammonia-use, ureolytic, 
proteolytic and cellulolytic. The great importance of other activities, i.e. 
xylanolytic and pectinolytic, has been indicated in studies conducted by 
Forsythe and Parker (1985) and Marounek et al. (1995). Forsythe and Parker 
(1985) estimate populations of 10 8 and 10 9 xylanolytic and pectinolytic 
bacteria, respectively. The composition of the microflora does not remain 
constant throughout the life of the rabbit and is strongly influenced by the 
time of weaning (Padilha et al., 1996). During the first week of age, the 
digestive system of the rabbit is colonized by strict anaerobes, predominantly 
Bacteroides. At 15 days of age, the numbers of amylolytic bacteria seem to be 
stabilized, whereas those of colibacilli decrease as the numbers of cellulolytic 
bacteria increase (Padilha et al., 1995). However, milk intake may delay the 
colonization by cellulolytic flora but does not seem to affect the evolution of 
the population of colibacilli (Padilha et al., 1996). As a consequence of the 
age-related changes in the microbial population, production of volatile fatty 
acids (VFA) increases with age (Bellier et al., 1995; Padilha et al., 1995). 
Moreover, as caecotrophy is initiated, the presence of bacteria of caecal 
origin can be detected. Smith (1965) and Gouet and Fonty (1979) were able to 
detect precaecal microbial flora after only 16 and 17 days of age, respectively. 
The presence of these precaecal microbes is dependent on caecotrophy, with 
high counts after caecotrophy and no viable cells after 5-6 h (Jilge and 
Meyer, 1975). The composition of the microflora does not remain constant 
during the life of the rabbit. 

As a result of the fermentative activity of the microflora, VFA are 
produced in the proportion of 60-80 moles of acetate, 8-20 moles of butyrate, 
and 3-10 moles of propionate per 100 moles of VFA (Gidenne, 1996). 
However, this proportion changes with the time of the day, as described in the 
caecotrophy section of this chapter, and with the developmental stage of the 
rabbit, with increases in the acetate concentration from 15 to 25 days of age 
and a reversal of the propionate to butyrate ratio from 15 to 29 days of age 
(Padilha et al., 1995). The potential of modification of VFA production by 
dietary changes will be described in the following chapters of this book. 
According to Marty and Vernay (1984), VFA can be metabolized in the 
hindgut tissues, with butyrate being the preferred substance for the 
colonocytes. The liver is the main organ metabolizing absorbed propionate 
and butyrate. However, acetate is available for extrahepatic tissue 
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metabolism. It is estimated that the rabbit obtains up to 0.40 of its 
maintenance energy requirement from VFA produced by fermentation in the 
hindgut (Parker, 1976; Marty and Vernay, 1984). 



Caecotrophy 

Patterns of daily feed intake and soft faeces excretion 

Soft faeces are excreted according to a circadian rhythm which is the opposite 
of that of feed intake and hard faeces excretion. Caecotrophy occurs mainly 
during the light period, whereas feed intake and hard faeces excretion occur 
during darkness (Lebas and Laplace, 1974, 1975; Fioramonti and Ruckebush, 
1976; Ruckebush and Hornicke, 1977; Battaglini and Grandi, 1988; Merino, 
1994; Bellier et ah, 1995; Bellier and Gidenne, 1996; El-Adawy, 1996). 
Figure 1.2 shows the pattern of faeces excretion and feed intake for adult 
rabbits under a schedule of 12 h light/ 12 h dark and ad libitum access to feed 
(Carabano and Merino, 1996). Most of the rabbits showed monophasic 
patterns of soft faeces excretion from 08.00 to 17.00 h. with a maximum at 

12.00 h. However, 0.25 of them showed a diphasic pattern, with a second 
period of excretion during the night. The occurrence of diphasic patterns is 
more frequent when the length of the light period is reduced. Under 
continuous light conditions (24 h) caecotrophy runs freely and mono- 
phasically (Jilge, 1982). During the caecotrophy period, lasting from 7 to 9 h, 
there is an absence of hard faeces excretion and the feed intake is low. 

Feed intake and hard faeces excretion occur along the complementary 
period, showing two phases (Fig. 1.2). Feed intake increases from 15.00 to 

18.00 h and then remains high until 24.00 h. After this period, rabbits reduce 
feed intake until 02.00 h and then a new phase starts, with a maximum at 06.00 
h. The second phase finishes at 08.00 h. Hard faeces excretion (from 18.00 to 

08.00 h) shows a similar pattern, with two maxima at 24.00 h and 06.00 h. 

The age of the rabbits, their physiological status or restricted access to 

feed can alter this pattern. Bellier et al. (1995) observed that weaned rabbits 
(6 weeks old) show a greater incidence of diphasic patterns and a longer 
caecotrophy period than adults (14 weeks old) from 04.00 to 12.00 h and from 

22.00 to 24.00 h vs. from 08.00 to 14.00 h, respectively. Lactating does show 
a different pattern of excretion from that described previously for 
non-lactating adult rabbits. During the lactation period, does exhibit an 
alternated rhythm of soft and hard faeces excretion. Caecotrophy occurs 
during two periods from 02.00 to 09.00 h (0.40 of total excretion) and from 

13.00 to 17.00 h (0.60 of total excretion), with a lack of excretion from 09.00 
to 13.00 h (Lorente et al., 1988). This pattern could be mainly related to 
maternal behaviour of does through the morning rather than to physiological 
status. All the experiments described above were carried out with ad libitum 
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Fig. 1.2. Soft and hard faeces excretion and dry matter intake throughout the day (Carabano and 
Merino, 1996). 
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Fig. 1.3. Movement of digesta in the rabbit ileo-caeco-colic segment. Courtesy of T. Gidenne. 
□ liquids and fine particles; WWW large particles (>300 pm); -*■ peristaltic digesta movement; 
=> antiperistaltic digesta movement. 



The Digestive System of the Rabbit 



7 



access to feed. When the feeding regime is changed from ad libitum to a 
restricted access to feed the rhythm of excretion is profoundly altered, 
whatever the length of the light period. In these situations, the time for soft 
faeces excretion depends on the time of feed distribution (Fioramonti and 
Ruckebush. 1976). Disruption of the internal cycle may have important 
practical implications. Lebas and Laplace (1975) recommend distributing the 
feed once per day late in the afternoon. In other situations (one meal at 09.30 
h, or two meals at 09.30 and 16.30 h), changes in faecal excretion patterns and 
a lower growth rate should be expected. 

Determination of soft faeces excretion and consumption 

Several authors have tried to explain the physiological mechanisms that deter- 
mine the differentiation and recognition of the two types of faeces in rabbits, 
according to the circadian patterns described above. The results obtained allow 
a partial understanding of the complex regulation of this behaviour. 

Differentiation between soft and hard faeces begins during the transit of 
digesta through the caecum and proximal colon. From the results obtained by 
Bjornhag (1972) and Pickard and Stevens (1972) it can be assumed that the 
formation of hard faeces is not by resorption of some components of caecal 
contents in the colon, but by mechanical separation of the different 
components of digesta. As is shown in Fig. 1.3, during hard faeces excretion, 
water-soluble substances and fine particles (smaller than 0.3 mm diameter) 
(including microorganisms) are brought back to the caecum by means of 
antiperistaltic movements and retrograde flow. Coarse particles (larger than 
0.3 mm diameter) pass to the distal part of the colon. In contrast, the motility 
of both the caecal base and proximal colon decreases during the formation of 
soft faeces (Ruckebush and Hornicke, 1977). Endogenous prostaglandins 
play an important role in the motor function involved in soft faeces formation. 
The infusion of both PGE 2 and PGF 2 „ produces an inhibition of proximal 
colon movements, a stimulation of the distal colon and is followed by soft 
faeces production (Pairet et al., 1986). Changes in VFA concentrations and 
caecal pH occurring after a meal have been proposed as primary signals 
leading to a period of soft faeces excretion. Ruckebush and Hornicke (1977) 
observed soft faeces excretion after an intracaecal infusion of VFA in rabbits 
with restricted access to feed. However, postprandial VFA variations are not 
so evident in rabbits fed ad libitum , and therefore factors other than those 
mentioned above could also be implicated. Structures typically involved in 
feed intake regulation, such as lateral hypothalamus and the hypothalamic 
ventromedian nodes do not seem to have the same roles as those described in 
other non-ruminant species. Damage to these structures does not imply 
changes in feed intake behaviour in rabbits (Gallouin, 1984). 

During soft faeces excretion, caecal contents are covered by a mucous 
envelope secreted at the proximal colon according to the described circadian 
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rhythms. Therefore, the soft faeces consist of small pellets of 5 mm diameter 
that rabbits can recognize. Soft faeces are taken directly from the anus, 
swallowed without mastication, and stored intact in the fundus of the stomach 
for 3-6 h (Gidenne and Poncet, 1985). The mechanisms of recognition are 
unclear. The special smell of soft faeces compared with that of hard faeces or 
the existence of mechanoreceptors in the rectum have been proposed as 
factors involved in reingestion of soft faeces. However, results obtained from 
rabbits deprived of olfactory bulbs and supporting an artificial anus which 
bypasses the rectum show that rabbits are still able to recognize and reingest 
soft faeces (Gallouin, 1984). 

Nu tri ti on a l implications 

Caecotrophy in rabbits does not occur as a response to a nutritional 
imbalance, but represents a specialized digestive strategy. Caecotrophy in 
rabbits begins at 3 weeks of age, when rabbits begin to consume solid food. In 
postweaned rabbits (4 weeks old), soft faeces production linearly increases 
with age, showing a maximum at 63-77 days old (25 g dry matter (DM) day -1 ). 
This period corresponds to the maximum growth requirements and to the 
greatest increment in feed intake. From 77 to 133 days old (2.5 vs. 3.9 kg, 
respectively) growth rate decreases, feed intake slightly increases and soft 
faeces excretion is stabilized (20 g DM day -1 ) (Gidenne and Lebas, 1987). 
Similar figures (21.8 g DM day -1 ) have been reported for adult females during 
pregnancy. However, lactating does showed greater soft faeces production 
(34 g DM day -1 ) related to the higher feed intake (Lorente et al., 1988). In 
these situations caecotrophy represents from 0.09 to 0.15 of total DM intake 
(feed intake + soft faeces). The importance of caecotrophy also varies with the 
nutritive characteristics of diet as will be discussed in the following chapters. 

As a consequence of the mechanical separation of digesta at the caecum 
and proximal colon, the chemical composition of soft faeces is similar to that 
of the caecal contents but quite different from that of hard faeces (Table 1.1). 
Soft faeces contain greater proportions of protein, minerals and vitamins than 
hard faeces. In contrast with this, hard faeces are enriched in fibrous 
components compared with soft faeces. As far as nutrient supply through soft 
faeces is concerned, protein represents from 0.15 to 0.22 of the total daily 
protein intake, either in growing rabbits or lactating does. Protein of soft 
faeces is high in essential amino acids such as lysine, sulphur amino acids or 
threonine (Proto, 1976; Spreadbury, 1978; C. de Bias, personal 
communication) which represents from 0.10 to 0.23 of total intake. The 
importance of these amino acids depends on the efficiency of microbial 
protein synthesis. The proportion of microbial protein with respect to total 
protein of soft faeces varies with the diet from 0.30 to 0.60 (Spreadbury, 
1978; Garcia et al., 1995). Microbial activity is also responsible for the high 
content of K and B vitamins in soft faeces. 
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Table 1.1. Average chemical composition of caecal contents and soft and hard faeces. 





Caecum 


Soft faeces 


Hard faeces 


Ref. 


Dry matter (g kg- 1 ) 


200 


340 


470 


3, 4, 5, 6, 7 


Crude protein (g kg -1 DM) 


280 


300 


170 


3, 4, 5, 6, 7 


Crude fibre (g kg -1 DM) 


170 


180 


300 


3, 4, 5, 6, 7 


MgO (g kg-' DM) 




12.8 


8.7 


2 


CaO (g kg- 1 DM) 




13.5 


18.0 


2 


Fe 2 0 3 (g kg- 1 DM) 




2.6 


2.5 


2 


Inorganic P (g kg -1 DM) 




10.4 


6.0 


2 


Organic P (g kg -1 DM) 




5.0 


3.5 


2 


Cl" (mmol kg -1 DM) 




55 


33 


2 


Na* (mmol kg -1 DM) 




105 


38 


2 


K + (mmol kg -1 DM) 




260 


84 


2 


Bacteria (1 0 10 g _1 DM) 




142 


31 


2 


Nicotinic acid (mg kg -1 ) 




139 


40 


1 


Riboflavin (mg kg -1 ) 




30 


9 


1 


Panthotenic acid (mg kg -1 ) 




52 


8 


1 


Cianocobalamine (mg kg -1 ) 




3 


1 


1 



1, Kulwich etal. (1953); 2, adapted from Hornicke and Bjornhag (1980); 3, Carabano et al. (1988); 
4, Carabano etal. (1989); 5, Fraga etal. (1991); 6, Motta-Ferreira etal. (1996); 7, Carabano etal. 
(1997). 



In conclusion, caecotrophy could overcome poor quality protein or low 
vitamin diets in traditional rearing conditions, but it is necessary to supply 
extra B vitamins, minerals and limiting amino acids in intensive rearing 
conditions. 



Methodological implications of caecotrophy on 
physiological research work 

The marked circadian rhythms of caecotrophy and feed intake imply changes 
both in the organ content weights and the chemical composition of their 
contents throughout the day. These circumstances make it necessary to take 
into account the sampling time in the experimental procedures to obtain 
reliable digestibility data. The lack of homogeneity in the sampling procedure 
between different studies leads to difficulties in making comparisons and 
considerable misunderstanding. The diurnal variations of the main 
physiological parameters will now be summarized. 

Weight and chemical composition of the organ contents 

The weight of the stomach and caecal contents reflects the diurnal rhythm of 
intake and soft faeces production. Stomach contents show greater weights 



10 



R. Carabano and J. Piquer 



during the morning than during the night. The opposite is found for the weight 
of caecal contents. Diurnal differences in the weight of caecal and stomach 
contents up to 20% and 30%, respectively, can be observed (Fraga et al., 
1984; Gidenne and Lebas, 1987). 

Differences in the origin of stomach contents are explained by the diurnal 
changes in chemical composition of stomach, duodenum, jejunum and ileum 
contents. Intact soft faeces in the stomach have been detected from 09.00 to 
18.00 h (Gidenne and Poncet, 1985; Carabano et al., 1988), representing 
about a half of the total weight of the stomach contents. During the 
complementary period, the stomach only contains food. Protein content of 
precaecal digesta is the chemical parameter more affected by sampling time, 
showing greater values (from 50 to 100%) during the soft faeces excretion 
period (Catala, 1976; Gidenne and Poncet, 1985; Merino, 1994). The same 
tendency has been observed for the chemical composition of colonic and 
rectal contents. However, the protein concentration of caecal contents 
remains stable throughout the day. 

Ileal digestibility 

The use of cannulated animals to determine ileal digestibility requires the use 
of markers to estimate the ileal flow of DM and the need to obtain an ileal 
sample which is representative of that present throughout the day. Merino 
(1994) observed in cannulated animals a diurnal variation in the crude protein 
(CP) content of ileal digesta, showing greater values during the soft faeces 
excretion period than during the hard faeces excretion period (180 vs. 120 g 
CP kg 1 DM). When caecotrophy was prevented, no variation was detected in 
the protein content of ileal digesta (average value 120 g kg 1 DM). These 
results suggest that it is essential to take samples throughout the day to 
estimate the average composition of ileal digesta. No diurnal changes were 
detected in the marker concentration or fibre content of ileal digesta. 

Fermentation patterns 

The results obtained by Fioramonti and Ruckebusch (1976) and Gidenne and 
Bellier (1992) in adult animals showed that VFA concentration in caecal 
contents depends on time of feeding, rising to a maximum 5 h after feeding. In 
weaned (4 weeks old) or growing rabbits (9 weeks old) fed ad libitum, diurnal 
differences in VFA concentrations and caecal pH of 50 and 10%, respectively, 
can be observed (Gidenne, 1986; Bellier et al., 1995; Bellier and Gidenne, 
1996). Caecal VFA concentrations are greater during the hard faeces than 
during the soft faeces excretion period. According to Bellier et al. (1995), this 
increment could have two causes: (i) the greater flow of substrate to the 
caecum related to an increase in feed intake during this period, and (ii) 
enrichment of the microbial population as a consequence of antiperistaltic 
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movements of the proximal colon. Caecal pH varies inversely to the increase 
in VFA concentration. Smaller values of caecal pH were observed during hard 
faeces excretion. In consequence, it is preferable to take the caecal samples 
during the hard faeces excretion period. 

Transit time 

Giving a marker as simple doses is the most frequent procedure used in transit 
time studies. The question is at what time must the doses be administered? 
According to Laplace and Lebas (1975), doses given before the caecotrophy 
period lead to a higher mean retention time (3-4 h) compared with doses given 
after caecotrophy. This effect can be explained by an increase in time before the 
first appearance of the marker in hard faeces. According to Jilge (1974), the 
time for the first appearance of the marker in faeces is the same (4 or 5 h) for 
doses given before or after the caecotrophy period. However, depending on the 
time of administration, the marker changes the site of its first appearance (soft 
or hard faeces) and, in consequence, the opportunity to detect it. 

According to these results, and taking into account the fact that feed 
intake starts just after the caecotrophy period, the hard faeces excretion 
period is recommended as the best time for marker administration. 



Rate of passage 

The capacity of the rabbit to digest its feed depends not only on endogenous 
enzyme activities and digestion by the microbial population but also on the 
rate of passage of the feed. The passage of feed through the stomach of the 
rabbit and caecum is relatively slow and varies between 3-6 and 4-9 h, 
respectively, as measured by the technique of comparative slaughter 
(Gidenne and Poncet, 1985). However, transit is very fast in the small 
intestine. Estimated retention times in the jejunum and ileum are 10-20 and 
30-60 min, respectively (Lebas, 1979). Taking into account the entire 
digestive tract, the mean retention time varies from 9 to 30 h, with an average 
of 19 h (Laplace and Lebas, 1975, 1977; Uden et al., 1982; Fraga etal., 1984; 
Ledin, 1984). More recently, with rabbits cannulated at the ileum, the mean 
retention times for the ileo-rectal and oro-ileal segments, and for the stomach, 
have been calculated as 7-24, 4-9 and 1-3 h. respectively (Gidenne and 
Ruckebush, 1989; Gidenne et al., 1991; Gidenne and Perez, 1993; Gidenne, 
1994). 

The wide variability in the results obtained might be related to factors 
such as the methodology used (type of marker, time and route of adminis- 
tration of the marker, mathematical calculations, etc.), the animal (age, 
physiological status, caecotrophy allowed or not), and feeding variables (feed 
intake, particle size and fibre concentration of the diet). It has been reported 
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that the marker ytterbium was retained for 3 h longer than chromium 
(Gidenne and Ruckebush, 1989) and that liquid-phase markers are retained 
longer than solid-phase markers (Laplace and Lebas, 1975; Sakaguchi et al., 
1992). Preventing caecotrophy reduces the mean retention time by 0-7 h, 
depending on the type of diet fed (Fraga et al., 1991; Sakaguchi et al., 1992) 
whereas restricting feed intake to 0.50 and 0.60 of ad libitum levels increases 
mean retention time by 7 and 13 h, respectively (Ledin, 1984). Increasing the 
dietary fibre contents from 220 to 400 g kg 1 decreased the total mean 
retention time by 12 h (an 11 h reduction in the ileo-rectal mean retention 
time) (Gidenne, 1994). Particle size can also modify the rate of passage, with 
longer times being obtained using diets with smaller particle size (Laplace 
and Lebas, 1977; Auvergne et al., 1987). 
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It is possible to classify nutritionally into two groups the carbohydrate 
fractions of plants incorporated into animal feed: (i) those that are 
hydrolysable by the intestinal enzymes of the animal (these polysaccharides 
are located predominantly within the plant cell); and (ii) those that are 
hydrolysable only by enzymes produced by the microflora (these are 
principally cell wall polysaccharides and will be considered in more detail in 
Chapter 5). The former can be further separated into two main groups, first 
the simple sugars and the oligosaccharides (which are present at low levels in 
rabbit feeds, < 50 g kg -1 ) and secondly the polysaccharides represented 
mainly by the starches (contributing 100-250 g kg -1 ). The structure and 
digestion of starch will be described. Initially it is proposed to consider the 
digestion of simple sugars and oligosaccharides. 



Simple sugars and oligosaccharides 

These two types of carbohydrate are often simply classed under one general 
term ‘the sugars’. Nevertheless, from a biochemical point of view, it is 
convenient to distinguish clearly between simple sugars and oligosaccharides 
because they are not digested by the same processes. For instance, the a- 
galactosides are only degraded by bacterial enzymes, whereas simple sugars 
are very rapidly absorbed in the small intestine. 

Definition, structure and analysis 

Sugars are generally of low concentration in animal feeds, although in some 
raw materials, such as molasses or beet, the level of sucrose could reach 500 g 
kg -1 (Table 2.1). Among the sugars found in common raw materials, glucose 
and fructose are the two major ones, found as monosaccharides or as sucrose 
(a disaccharide based on a combination of the two). 

Compared with other mammals, lactose (glucose + galactose, oc[ 1 — >4]) is 

© CAB INTERNATIONAL 1998. The Nutrition of the Rabbit 
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Table 2.1. Level of total sugars 3 in some raw materials (g kg -1 air-dry) (INRA, 1989, 1992). 



Beet molasses 


Sugar beet 


Sugar beet pulp 


Citrus pulp 


Apple pomace 


Sweet lupin 


490 


160 


50-70 


100-200 


140 


110-130 


Soybean meal 


Sunflower meal 


Brewer's grains 


Wheat bran 


Barley 


Winter pea 


80-110 


70-90 


50 


50 


25 


20 



“Analysed as total sugars soluble in ethanol (80%, v/v). 



at a low level (31 g kg 1 dry matter (DM)) in the milk of the rabbit female. 
Other disaccharides could also occur in the feed: maltose (two glucose units, 
oc[l— >4]) mainly originating from starch hydrolysis, and melibiose (galactose 
+ glucose, a[l— > 6 ], in some roots). 

Oligosaccharides are defined as molecules with a low degree of 
polymerization (d.p.). Maltotriose corresponds to three units of glucose linked 
by a[l— >4] bonds, and originates from starch hydrolysis. The a-galactosides 
(d.p. 3-5) are a group of oligosaccharides (raffinose, stachyose, verbascose, 
ajugose) that are not digestible by the enzymes of the animal, but are rapidly 
degraded and fermented by the caecal microflora. They are found mainly in 
legume seeds or extracted legume meals: 50 g kg~* in pea seeds, 40 g kg 1 in 
lupin seeds, 50 g kg~* in soybean meal, all on a DM basis (Thivend, 1981). 

Simple sugars and oligosaccharides are solubilized in boiling ethanol 
(80%, v/v). Following acid hydrolysis (with hot concentrated sulphuric acid), 
the total sugars can be quantified (as monosaccharides) either through 
colorimetric or chromatographic methods. The choice of extraction process 
is important when analysing the sugars in a raw material or a feed. It is 
probable that the cold extraction (ethanol 40%, v/v, at ambient temperature) 
recommended in the EC method (AFNOR, 1985) is not adequate for 
extracting all sugars. This would explain the unexpected low values 
sometimes found for total sugars in soybean meals and legume seeds. 
Attention must be paid to the colorimetric determination of sugar in digesta 
and faeces because of interference by bile pigment (particularly for glucose 
determination in a starch analysis procedure). It is thus recommended to 
avoid the glucose-oxidase/peroxidase technique, and to use the hexokinase/ 
glucose-6-P-dehydrogenase system (Kozlowski, 1994). 

Digestion 

Compared with starch, glucose and fructose are readily absorbed in the small 
intestine. However, fructose has been observed to be absorbed more slowly 
than glucose in pigs (Carre, 1992). In contrast with glucose, fructose is 
probably not absorbed through an energy-requiring mechanism. The level of 
sugars (soluble in ethanol 80%) in the ileal contents reached 25 g kg 1 DM for 
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adult rabbits fed a standard commercial diet (Gidenne and Ruckebusch, 
1989), indicating that the flow of sugars entering the caecum is not negligible. 
Thus, further studies are necessary to quantify the digestion of sugars, 
especially in the young animal. 

Complete digestion of a-galactosides has been observed in rats and pigs 
(Goodlad and Mathers, 1990, 1991), so it is assumed that in rabbits too they 
are totally digested by the caecal flora, although this has not yet been 
measured. 



Starch 

Definition, structure and analysis 

Starch (a-glucan) is a major reserve polysaccharide of green plants and 
probably the second most abundant carbohydrate in nature next to cellulose. 
In some cases the reserve polysaccharides of the plant are a-fructans, such as 
inulin (linear a-fructan, d.p. 30) in the Jerusalem artichoke (Helianthus 
tuberosus), or levan (branched a-fructan, d.p. 100) in some grasses. Starch is 
found in nature as granules either in seeds, roots or tubers. The shape of the 
starch granule depends on the botanical source and many different sizes and 
forms are found: from tiny granules in oat or rice (5-6 pm) to the large ones in 
banana (38-50 pm). The interior of a granule is composed of alternating 
crystalline and amorphous regions. The disruption of this organization is the 
basis of gelatinization. The starch granule is modified by either chemical or 
physical treatment (heat, pressure, etc.). A prerequisite for digestion is that 
the enzymes are adsorbed on to the starch granule. Then hydrolysis may 
proceed through either surface erosion or penetration via pinholes. The 
physico-chemical and functional aspects of starch have been recently 
reviewed (Eliasson and Gudmundsson, 1996). 

From a biochemical point of view, starch is a polysaccharide composed 
simply of D-glucose units. Starch basically consists of a mixture of two types 
of chains: amylose, a linear chain of glucose (a[l— >4] links), and 
amylopectin, a branched chain with (a[l— >4] + a[ I — >6 1 links). However, its 
polymeric structure is even more complicated, and its primary structure is not 
yet fully understood. Therefore starch is the subject of many investigations, 
because of its multiple uses in chemistry, fermentation processes, etc. 

It is now recognized that some amylose molecules have several branches. 
In addition, the presence of materials intermediate between amylose and 
amylopectin has been suggested in amylomaize (maize rich in amylose) and 
wrinkled-pea starches (Hizukuri, 1996). The relative proportions of amylose 
and amylopectin could vary considerably according to the plant source. 
Cereal starch contains 200-250 g of amylose, in contrast with 250-650 g kg 1 
in legume starch (Duprat et al., 1980), and this could significantly affect its 
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digestion (Table 2.2). For instance, maize rich in amylose has a lower 
digestibility than standard maize. In addition, the starch granule is sometimes 
encapsulated in a protein matrix that reduces its accessibility to enzymes. 
Thus starch degradation is dependent on the biochemical and physical 
structure of the granule. 

Numerous processes used currently in animal feed manufacturing are 
able to modify the starch granule, such as the use of temperature combined 
with hydration and pressure (extrusion process). The interaction between 
starch and water is well-known: the starch structure is strongly hydrophilic, 
and the starch-water ratio is inversely correlated to the gelatinization 
temperature (Champ and Colonna, 1993). In general, with an excess of water 
and temperatures over 55°C the granules swell and solubilize 
(disorganization/dispersion of the structure); this is the gelatinization step (in 
the case of pure starch, a viscous solution results). Following cooling, the 
chains of glucose could reassociate. This is termed retrogradation and can 
lead to forms of starch resistant to amylases. Complete gelatinization of the 
starch granule is essential for correct determination of the starch using the 
enzymatic procedure. 

Starch is usually determined in animal feeds or raw materials through the 
Ewers EC (optical rotation determination) or enzymatic methods (hydrolysis 
followed by glucose determination). The two techniques provide, in general, 
very well correlated data, with slightly higher values for the Ewers EC 
method (+0.5 to +4%). The differences between the two methods are greater 
for legume than for cereal materials. The difference lies in the fact that the 
Ewers EC method may interfere with unextracted sugars or acid-labile 
polysaccharides. As an example, the recommended starch determination 
method for beet pulp is enzymatic hydrolysis. Specific procedures are also 
recommended for starch determination in the faeces or digesta (Kozlowski, 
1994). 



Table 2.2. Starch and amylose concentration in some raw materials, and respective faecal 
digestibility for the rat. 



Source 


Starch 
(g kg-' DM) 


Amylose 

(proportion of starch) 


Faecal digestibility 
of starch in the rat 3 


Soft wheat 


650-700 


0.25-0.30 


0.98-1.0 


Maize 


650-800 


0.20-0.24 


0.98-1.0 


Maize rich in amylose 


500-650 


0.60-0.65 


0.66-0.77 


Smooth pea 


430-480 


0.31-0.35 


0.99 


Fava bean 


300-430 


0.31-0.34 


0.99 


Banana (green) 


150-250 


0.15-0.18 


0.49 


Cassava roots 


800-850 


0.17 


0.95-0.97 


Potato (uncooked) 


600-650 


0.20 


0.27-0.28 



a Champ and Colonna (1993). 
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Digestion of starch in the different parts of the gastro-intestinal tract 

Starch is almost completely digested in the digestive tract of rabbits, as occurs 
in other livestock species. For this reason, faecal excretion of starch is 
generally minimal (less than 0.02 of intake), although in some cases it can 
reach 0.10-0.12 of intake, depending mainly on the age of the rabbit and the 
source of the starch, both of which will be discussed later. 

It is acknowledged that starch digestion takes place mainly in the small 
intestine. Howewer, starch may also be degraded to some extent in other parts 
of the digestive tract, such as the stomach and the large intestine. It would be 
of particular interest to evaluate the degradation of starch (or of intermediate 
a-glucosides and glucose not absorbed in the small intestine) by the 
microflora in the large intestine and to review the factors affecting the ileal 
flow of starch and consequences on caeco-colic microbial activity. Therefore, 
in this section various aspects of the process of digestion of starch in the 
different parts of the gastro-intestinal tract of rabbits will be discussed. 

Gastric digestion 

There are no reliable measurements of the extent of starch hydrolysis in the 
stomach. It has been observed that starch concentration in the gastric digesta 
is clearly less than in the diet (Fraga et al., 1984; Bias, 1986). Wolter et al. 
(1980) observed that, for restricted-fed rabbits slaughtered 4 h after feeding, 
0.31 of the starch ingested had been hydrolysed in the stomach (recycling of 
the marker through the soft faeces was not taken into account). However, this 
is probably an overestimate because of possible faster passage through the 
stomach of the starch than of the rest of the diet, and by dilution of the diet 
with soft faeces recycled through caecotrophy. 

Amylase in the stomach originates essentially from the soft faeces and 
saliva, at a constant level from the 4th week of life independently of starch 
intake (Bias, 1986). The gastric pH remains the main factor limiting its 
activity. Marounek et al. (1995) did not find amylase activity in the contents 
of the stomach of 4-week-old and 3-month-old rabbits, with enzyme- 
substrate incubations undertaken at pH 2.5. 

In fact, the amylase activity of the stomach contents disappears 
completely if the pH is lower than 3.2 (Bias, 1986). The literature indicates 
that the gastric pH is normally around 2. However, the buffering capacity of 
the diet, soft faeces and saliva probably prevents immediate acidification. For 
instance, Bias (1986) found pH 4-4.5 in the stomach contents of growing 
rabbits 150 min after feeding following a 24-h fast; and Herrmann (1989) 
even reported a pH above 5 in certain areas of the stomach after a high feed 
intake. However, the rabbit is currently fed ad libitum, and has 20-30 
‘voluntary meals’ a day. Thus gastric pH is normally less than 2.5. 
Nevertheless, during caecotrophy, the rabbit consumes only soft faeces and 
then the pH rises to 3.0 (Gidenne and Lebas, 1984). 
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Under these less acidic conditions, the amylase in the stomach contents, 
especially that of microbial origin from soft faeces, would maintain an 
appreciable activity (Alexander and Chowdhury, 1958; Griffiths and Davies, 
1963; Hornicke and Mackiewicz, 1976; Bias, 1986; Vernay, 1986). Table 2.3 
illustrates this process of gastric fermentation (originating from starch, sugars 
and, perhaps, other carbohydrates), demonstrating that both the concentration 
of lactate in the gastric digesta (and not that in the other parts of the digestive 
tract) and the level of lactate in the blood fall significantly when caecotrophy 
is prevented. 



Intestinal digestion 

As stated above, it is acknowledged that starch digestion takes place mainly 
in the small intestine, and the most important enzyme involved is pancreatic 
amylase. Other enzymes of the epithelial cells of the intestinal brush border 
are also necessary (amyloglucosidase, maltase), resulting finally in the 
release of glucose, which in principle is absorbed in situ. It has been observed 
that both amylase activity in the pancreatic tissue and its pancreatic secretion 
increase rapidly between the 4th and 6th weeks of life, and that the amylase 
levels are higher when intake of starch increases (Corring et ai, 1972; Bias, 
1986). This has also been observed in adult rabbits in both the pancreatic and 
the intestinal tissue, and also in the intestinal contents (Abbas et al., 1991). 
The action of these enzymes is evidently helped by the close-to-neutral pH 
normally found in the contents of the small intestine. 



Table 2.3. Effect of caecotrophy prevention on lactate concentration in the gastric contents and in 
the blood of rabbits (Vernay, 1986). 





Control 


Caecotrophy 
prevention 
for 4 days 


Feed intake (g day 1 ) 


124 


127 


Gastric contents (mM) 






Fundus 


4.7 


1.9 


Corpus 


3.4 


1.9 


Antrum 


2.4 


1.6 


Blood (mM in plasma) 






Venous 






Gastric 


3.4 


1.9 


Ileal 


3.8 


2.1 


Caecal 


2.8 


1.9 


Portal 


3.6 


2.5 


Arterial (abdominal aorta) 


3.0 


1.8 
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Caecal fermentation 

Starch undigested in the small intestine is fermented by the microflora in 
the caeco-colic segment to lactate and volatile fatty acids, absorbed in situ. 
Different studies have demonstrated the presence of amylase activity in this 
part of the digestive tract (Yoshida et al., 1968; Bias, 1986; Makkar and 
Singh, 1987; Marounek et al., 1995). Some data suggest that amylase could 
be of microbial origin and also from the ileal digesta flow. For instance, 
amylase activity in the caecum and the colon is even greater in germ-free 
rabbits than in normal rabbits (Yoshida et al., 1968), and it is more than 
double in the caecal contents of rabbits than in the contents of the rumen of 
steers given a maize concentrate supplement of 350 g kg -1 (Makkar and 
Singh, 1987). Bias (1986) observed that amylase activity in the caecal 
contents hardly varied with the age of 4- to 8-week-old rabbits, but was four 
times greater with a diet rich in starch than with a low-starch diet. It was 
also observed that caecal pH has little negative effect on this amylase 
activity. 



Factors affecting starch digestion 

Starch digestion is primarily affected by the age of the rabbit and by the 
dietary level and origin of starch. Other factors could also have some 
influence, such as the feed manufacturing process or the use of exogenous 
enzymes as diet supplements. 

Age and starch in the diet 

Adult rabbits. Table 2.4 shows starch digestibility data obtained in different 
studies of adult rabbits. It can be seen that faecal losses of starch were very 
low in all cases (less than 0.01 of intake). However, for diets rich in starch, 
these losses were significantly greater when the source of starch in the diet 
was maize compared with that from other sources (Gidenne and Perez, 
1993b; Amber, 1997), although the differences may be considered to have 
little relevance. For adults, the faecal digestibility of starch also seems to be 
largely independent of the quantity of starch ingested. In fact, de Bias et al. 
(1995) found that there was no variation between lactating and non-lactating 
rabbit does, with the former consuming more than twice the amount of starch. 
As might be expected, almost all the starch was hydrolysed before reaching 
the caecum: its ileal digestibility was about 0.97 and seems to be largely 
independent of both the intake of starch and the source of starch used. In 
addition, the method employed by Amber (1997) to analyse the starch content 
evaluates starch, a-glucosides and glucose as a whole; thus the presence of a 
significant amount of intermediate a-glucosides and glucose not absorbed at 
ileal level could be excluded. Based on the above, the amount of starch 
fermented in the caeco-colic segment of adult rabbits is between 0.01 and 
0.05 of starch intake. 
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Table 2.4. Ileal and faecal digestibility of starch in adult rabbits fitted with an ileal cannula. 



Source of starch 


Dietary level 
of starch Feeding 
(g kg -1 DM) level 


Digestibility of 
starch 




Ileal 


Faecal 


Reference 


Purified maize starch 


160 


Ad libitum 


0.955 


0.993 


Gidenne (1992) 




353 




0.947 


0.996 




Purified maize starch 


280 


Ad libitum 


0.992 


0.998 


Amber (1997)“ 




351 




0.991 


0.999 




Maize 


103 




0.972 


0.989 






255 




0.971 


0.990 




Barley 


102 




0.970 


0.990 






251 




0.984 


0.994 




Barley 


192-255 


Ad libitum 


0.975 


0.994 


Merino and Carabano (1992) 


Purified maize starch 


256 


Restricted 




0.997 


Gidenne and Perez (1993b) 


Maize 


292 






0.990 




Barley 


283 






0.998 




Pea 


280 






0.996 





“Starch as starch + a-glucosides + glucose. 



Young rabbits. Starch digestion in growing rabbits exhibits pronounced 
differences compared with adults, attributable to the relative importance of 
intestinal digestion and caecal fermentation on overall faecal digestibility. 

Effects on faecal digestibility. The effects of age on faecal digestibility of 
starch and of the source of starch are summarized in Fig. 2.1 and Table 2.5. 

The effect of age seems to be very limited for the majority of starch 
sources used (barley, wheat middlings or wheat). As for adult animals, faecal 
losses of starch just after weaning are generally less than 0.02 of intake, 
although in the case of peas these losses were in the 5th week almost triple 
those in the 8th and 11th weeks. In fact, Bias (1986) found that faecal 
digestibility of starch from barley or from wheat middlings was already 
between 0.98 and 0.99 when unweaned rabbit pups begin to consume feed (4th 
week), similar to that observed both in 2- to 4-week-old piglets fed pelleted 
feeds based on wheat or on purified wheat starch (Leibholz, 1982) and in 1- to 
3-month-old infants given different cooked starches (de Vizia et al., 1975). 

However, faecal losses of starch greatly increase for maize and particu- 
larly for young rabbits. The resistance of maize starch to intestinal digestion is 
also found in pigs and ruminants, but not for poultry. The endosperm structure 
of maize seeds and also the resistance to grinding are considered as the main 
factors explaining this lower degradation (Rooney and Pflugfelder, 1986), 
which disappear in the process of manufacturing purified maize starch. 

It must be stated that the differences between varieties of a particular 
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Fig. 2.1. Effect of age and source of starch on faecal digestibility of starch in growing rabbits (1, 
Gidenne and Perez (1993a); 2, Bias etal. (1990); 3, Maertens amd Luzi (1995); 4, Bias (1986)). 

grain, with special reference to the amylose-amylopectin ratio, may affect the 
faecal losses of starch. This may help to explain both the abnormally low 
values of faecal digestibility of starch from barley and wheat middlings 
obtained by Parigi Bini et al. (1990) (see Table 2.5) and the differences in 
faecal digestibility of starch from maize ocurring in the various studies shown 
in Fig. 2.1. 
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Table 2.5. Faecal digestibility of starch from several studies on growing rabbits. 



Age of animals 
(weeks) 


Source of starch 


Faecal digestibility 
of starch 


Reference 


5 


Barley 


0.997 


Fernandez ef al. (1996) 


5 and 7 


Wheat middlings and 
wheat 


0.985 


Maertens and Luzi (1995) 


8 


Wheat and barley 
Wheat middlings, 
wheat and barley 


0.989 

0.984 


Gidenne and Jehl (1996) 


8 


Barley and wheat middlings 
Wheat middlings and 
barley 


0.967 

0.945 


Parigi Bini etal. (1990) 


8-11 


Barley and oats 


0.986 


Eggum etal. (1982) 



In different studies with both growing and adult rabbits, comparing 
various dietary starch levels (Bias, 1986; Bias et al., 1990; Parigi Bini et al., 
1990; Gidenne, 1992; de Bias et al., 1995; Gidenne and Jehl, 1996; Amber, 
1997), the faecal digestibility of starch tends to decrease systematically in 
diets with lower starch content in comparison with those having higher starch 
content (even with the same source of starch). Although statistically signifi- 
cant, this decrease remains small and may often be considered irrelevant. 
There is no clear explanation for these results. In fact, a lower dietary starch 
level corresponds frequently to a higher fibre level, and thus it could be 
hypothesized that it leads to a faster rate of passage and thus to a lower effi- 
ciency in starch degradation. A presence of endogenous a-linked glucose 
polymers (for example dextrans in the microbial reserves) being proportion- 
ally more important in diets lower in starch can also be hypothesized. 

Effects on intestinal digestion and caecal fermentation. Unfortunately, no 
direct measurements of starch digestion in the intestine are presently 
available for growing rabbits. Lacking such measurements, some references 
provide data on the starch content in the digesta of the terminal ileum or the 
caecum of growing rabbits fed on different diets and slaughtered at different 
ages, which suggest that the amount of starch which reaches the caecum may 
vary widely, depending on both factors. 

The starch content at the terminal ileum (Fig. 2.2) clearly decreases with 
age, and for lower starch intake. The results suggest that the amount of starch 
which reaches the caecum increases at earlier ages when the rabbit is fed on 
diets with high starch content, and this effect would be more pronounced with 
a maize-rich diet than with a barley-rich diet. This hypothesis may be 
supported by the lower availability of pancreatic amylase in the post-weaning 
period and by the lower accessibility of starch from maize, which have been 
mentioned above. 
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Fig. 2.2. Effect of age and dietary starch level or source on starch content of digesta in the 
terminal Ileum of growing rabbits (1, spot-samples collected at 20 h from rabbits fed ad libitum 
(Bias et a/., 1994), starch as starch + a-glucosides + glucose; 2, spot-samples collected 150 min 
after feeding following a 24-h fast (Bias, 1986)). 

Thus the amount of starch fermented in the caeco-colic segment could 
increase for younger animals. As shown in Fig. 2.2, Bias (1986) observed in 
28-day-old and even in 49-day-old rabbits (fed on a barley-rich diet) a greater 
ileal starch level than in 56-day-old rabbits, whereas the faecal digestibility of 
starch was practically the same (0.99, Fig. 2.1). Furthermore, as mentioned 
above, the amylase activity in the caecal contents did not differ between 28 
and 56 days of age, whereas the pancreatic amylase secretion clearly 
increased from 28 days of age. This may be interpreted as the result of an 
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increment in the microbial contribution to the pool of amylase in the caecal 
contents of the youngest rabbits. On the other hand, the amylolytic microflora 
remains at a high level from 21 days of age (Padilha et al., 1996). 

Additionally, using single spot-samples of digesta, it has been found that, 
compared with ileal digesta, caecal digesta with a maize-rich diet contains 
50% less starch (as starch + a-glucosides + glucose) in 38-day-old rabbits and 
32% less in 49-day-old rabbits, while these figures are 24% and 3% 
respectively with a diet containing less maize (Bias et al., 1994). 

Therefore, there is a very clear need for more work on this subject, to 
estimate more precisely both the ileal flow of starch in recently weaned 
rabbits and its fermentation in their caeco-colic segment. 

Feed manufacturing process 

Figure 2.3 shows that oral administration of cooked purified maize starch in 
adult rabbits causes a clear post-prandial response of glucaemia in peripheral 
blood, similar to that produced by glucose, but somewhat later and more 
prolonged. However, uncooked purified maize starch scarcely affected basal 
glucaemia. This is due to a slower digestion leading to a prolonged increase of 
glucaemia in portal blood, but much less pronounced and therefore with little 
repercussion on glucaemia in the peripheral blood, after the extraction of 
glucose by the liver and tissues. It is unlikely that a slower digestion results in 
greater faecal losses of starch, but it could affect the amount of starch 
fermented in the large intestine. 

In practice, the most interesting question would really be to clarify if, 
under normal conditions of feeding rabbits, the feed manufacturing process 
(usually involving heating, pressure and moisture) affects starch digestion, 
especially in young rabbits. Unfortunately, hardly any information on this 
matter is available. 

All the results presented so far were obtained with pelleted diets, as 
pelleting is the usual process in rabbit feed manufacturing. Maertens and Luzi 
(1995) observed that extrusion of feed (which involves more intensive 
processing of the diet, at higher temperature, pressure and moisture) 
improved the solubility in vitro of dietary starch, but failed to reduce the 
faecal losses of starch in 5- or 7-week-old rabbits fed on a maize-rich diet. 
Surprisingly, these losses increased with the extruded diet, and the authors 
suggested that starch may be retrograded after cooling. Another alternative 
could be the inclusion of previously extruded maize in pelleted diets. Van der 
Poel et al. (1990) did not observe any change in the faecal digestibility of 
starch for 6-week-old piglets, and there was only a slight improvement in its 
ileal digestibility (0.997 vs. 0.981), although it led to a reduction in the 
amount of starch fermented in the large intestine to one-sixth. Similarly, in a 
recent study, Gidenne (1998) found that extruding maize clearly leads to a 
significant decrease (to approx, one-fifth) in the ileal level of starch in the 
growing rabbit, whatever the age (28 or 49 days). 
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Fig. 2.3. Serum glucose in peripheral blood (marginal ear vein) of adult rabbits after oral 
administration of glucose or purified maize starch (0.5 g kg -1 ) following a 12 h fast (Lee ef a/., 
1985). 



Enzyme supplementation 

Recent studies suggest that the inclusion of amylase, even thermostable, in 
rabbit diets has no effect either on starch digestion (Fernandez etal., 1996) or 
on mortality in the post-weaning period (Remois et al., 1996). It is well 
established that the effectiveness of exogenous enzymes depends on their 
capacity to resist gastric pH and proteolytic attack by digestive enzymes, as 
well as to survive the rigours of the feed manufacturing process (Inborr, 1989; 
Bedford, 1995). In this context, Yu and Tsen (1993) observed that the 
incubation of thermostable amylase with rabbit intestinal contents at pH 7.5 
did not greatly reduce its activity, while the activity fell to 0.2 in 10 min and 
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reached negligible values in 30 min when the incubation was performed with 
the contents of the stomach at pH 2-3.2. 

Finally, Mahagna et al. (1995) observed that the addition of amylase to a 
sorghum-based diet in meat-type chicks did not improve the faecal digesti- 
bility of starch and reduced the amount of amylase present in the intestinal 
contents, suggesting that the addition of an enzyme having activity similar to 
that of the pancreatic enzyme appears to have no benefit. 

Consequences of starch digestion for the microbial ecosystem in the 
caeco-colic segment 

Fermentation of starch not digested in the small intestine may affect the 
activity and stability of the microflora in the caeco-colic segment of the 
rabbit. This must be taken into account when considering the problem of 
digestive disorders in this species. Unfortunately, defining these effects and 
relating them to the factors which can affect starch digestion is a difficult task. 
The difficulty of quantifying starch fermentation, particularly in young 
rabbits, has already been mentioned. 

On the other hand, variations in the level of starch intake are normally 
linked with substantial variations in fibre intake. The influence that both the 
level and the source of fibre has on digesta retention time and microbial acti- 
vity in the caeco-colic segment is well established. The relationship between 
fibre deficiency and incidence of digestive disorders is presented in Chapter 12. 

Extensive reviews of this matter (Gidenne, 1995, 1996) have emphasized 
these two problems: (i) the need for a correct assessment of the ileal flow of 
nutrients in order to evaluate the impact of diet on caeco-colic metabolism; 
and (ii) the difficulty of making a strict separation between the effects of fibre 
and those of starch on microbial activity and on the incidence of digestive 
disorders. 



Adult rabbits 

It has already been stated that, in adult rabbits, the starch fermented in the 
caeco-colic segment is a small proportion of starch intake. However, small 
variations in the amount of starch fermented may affect fibrolytic activity and 
even the frequency of digestive disorders. However, few results are available 
regarding possible interactions between starch and caecal microbial activity. 
Figure 2.4 shows that, when fibre and starch intake are constant, the faecal 
digestibility of NDF and hemicellulose for restricted-fed adult rabbits 
improves as the starch content of digesta in the terminal ileum increases as a 
consequence of varying the source of starch used. Amber (1997) found that 
both ileal flow and the amount of starch fermented in the caeco-colic segment 
of rabbits fed ad libitum are slightly greater with a maize-rich diet than with a 
barley-rich diet, but no significant differences in the faecal digestibility of the 
fibre were observed. 
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Fig. 2.4. Faecal digestibility of NDF and hemicellulose in adult rabbits with diets having different 
starch sources, resulting in varying starch content of digesta in the terminal ileum (spot-samples 
collected 2-4 h after feeding rabbits on restricted feeding (Gidenne and Perez, 1993b)). 



The relationship of starch fermentation to the incidence of digestive 
disorders in adult rabbits is not at all clear, though in any case it seems to be 
very limited within the usual dietary starch levels. De Bias et al. (1995) have 
suggested a trend towards an increase in the replacement rate of rabbit does 
(associated with more diarrhoea and sudden deaths at parturition) as the 
starch content of the diet increased while the fibre content decreased. Lebas 
and Fortun-Lamothe (1996) found replacement rates of rabbit does very 
similar for feeds containing around 130 or 260 g starch kg 1 and, respectively, 
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190 or 140 g CF kg -1 (DM basis), the starch intake being around 67% higher 
for the latter feed. Similarly, an increase in starch content from 124 to 198 g 
kg -1 (DM basis) replacing vegetable or animal fat without varying the fibre, 
resulting in a 74% higher starch intake, did not affect replacement rate of 
rabbit does (J.J. Pascual and C. Cervera, personal communication). 

Young rabbits 

Given what has been described above, it is clearly of greater interest to address 
the matter of starch fermentation in the context of young rabbits, and 
particularly in those which are recently weaned. Herrmann (1989) studied 
caeco-colic composition in connection with microbial activity for the growing 
rabbit. Unfortunately, an increase in the dietary starch level from 220 to 
380-510 g kg -1 was accompanied by a reduction in the fibre level from 140 g 
CF to very low levels of 50-70 g CF kg 1 (DM basis), which probably altered 
the retention time of digesta in the caeco-colic segment considerably and, as a 
result, the fermentation activity. Low-fibre/high- starch led to a rise in lactate 
concentration and a fall in the molar proportion of butyrate and propionate, as 
well as a drop in the lipopolysaccharide content. This suggests a change in the 
microflora, with stimulation of the Gram-positive bacteria to the detriment of 
the Gram-negative bacteria, though a small number of rabbits was used and the 
residual variabilities of these characteristics were considerable. 

Jehl and Gidenne (1996) showed clearly that fibrolytic activity for the 
growing rabbit is greater when starch is replaced by digestible fibre (pectins 
and hemicellulose). 

The results for faecal digestibility of fibre with diets having different 
starch content or source do not lend themselves to definitive conclusions, as 
they are normally accompanied by variations in fibre. If fibre intake is 
unchanged, and as mentioned previously for adults, the faecal digestibility of 
hemicellulose for growing rabbits appears greater for diets rich in maize than 
in other sources of starch (Bias et al., 1990; Gidenne and Perez, 1993a). The 
fermentation of starch may thus have a stimulating effect on some aspects of 
fibrolytic activity. If fibre intake decreases, it has been observed that the 
faecal digestibility of hemicellulose could decrease when the dietary starch 
content increases (Bias et al., 1990; Parigi Bini et al., 1990). Starch may thus 
be considered as a secondary factor able to affect caecal digestion, while fibre 
remains a primary factor. 

Table 2.6 shows the results for rabbit mortality in the post-weaning 
period in four different large-scale trials, with diets of different starch 
content; fibre levels were kept above the generally recommended minima. In 
general, the mortality rate rose significantly as the starch intake rose, 
although in the work of Maitre et al. (1990) the difference in the fibre sources 
could also be relevant. Finally, in the study of Lebas and Maitre (1989) there 
was an interaction between location of trial and diet. This underlines the 
difficulty of measuring precisely the mortality rate. 
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Table 2.6. Effect of starch on mortality during post-weaning period in rabbits (5th-7th week of 
age). 



Dietary level 
of starch 
(g kg-' DM) 


Starch intake 
(g day’) 


Dietary level 
of ADF 
(g kg-' DM) 


Mortality 

(%) 


No. of 
rabbits 
involved 


Reference 


181 


15.7 


236 


4.7 


1200 


Bias etal. (1994) a 


275 


21.0 


179 


8.0 






120 


9.9 


192 


1.2 


491 


Maertens and Luzi (1995) 


216 


17.7 


175 


5.7 






187 


16.9 


234 


3.8 


1520 


Maitre et al. (1990) 


196 


17.4 


209 


5.9 






200 


17.1 


191 


7.8 






228 


18.4 


170 


8.8 






Low b 


10.6" 


145 d 


4.8 


2265 s 


Lebas and Maitre (1989) 


High" 


16.2" 


136 d 


11.8 






Low b 


11.2" 


149 d 


4.1 


1106' 




High b 


18.2" 


136 d 


5.8 







"Starch as starch + a-glucosides + glucose. 

b Around 150 g starch (low) or 250 g starch (high), air-dry basis; "approximate values. 
d CF content, air-dry basis. 
e ln location A; 'in location B. 

It is noteworthy that the starch-rich diets in the studies of Bias etal. (1994) 
and Maertens and Luzi (1995) were based on maize (and no effect on mortality 
rate due to extrusion of the feed was observed in the latter). This might be 
related to less complete digestion of starch from maize in the small intestine. 

In general, the results presented tend to support the early hypothesis 
suggested by Cheeke and Patton (1980) that an overload of rapidly 
fermentable carbohydrates in the large intestine increases the likelihood of 
digestive disorders, at least in the more susceptible recently weaned rabbits. 
Clostridium spiriforme and its glucose-dependent production of iota-toxin 
contribute to digestive disorders of growing rabbits. Peeters et al. (1993) 
reported that experimental infection with this bacterium caused clinical signs 
of iota-enterotoxaemia in early-weaned rabbits fed on a high-starch diet 
(based on maize) but not when fed on a low-starch diet, both diets having 
similar levels of fibre. 

In any case, it seems clear that there is a need to limit the level of starch in 
the diet during the post- weaning period. A maximum of 135 g starch (air-dry 
basis) was proposed by Maertens (1992). It does not appear that slightly more 
severe restrictions have any clear effect on reducing the mortality rate during 
this period (Duperray, 1993; Mousset et al., 1993). 

Conclusions about the effect of dietary starch on mortality rate during the 
rest of the growing period are less firm. Among the papers reviewed, only that 
of Maitre et al. (1990) presents specific data of relevance, which were 
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obtained with a large number of rabbits, although differences between diets 
also involved the fibrous fraction to a significant extent. Based on these 
results, it cannot be ruled out that the effect observed in the post-weaning 
period persists during the rest of the growing period, although to a lesser 
extent, or that the effect observed during the rest of the growing period may 
depend on the earlier effect, as can also be deduced from the work of Lebas 
and Maitre (1989). 

On the other hand, according to the results presented in Table 2.7, it 
seems clear that dietary starch does not greatly affect the mortality rate of 
young rabbits from the time they begin to consume feed until weaning, 
although in the work of Lebas and Maitre (1989) the above-mentioned 
interaction between location of trial and diet was also observed, but now with 
the opposite occurring. De Bias et al. (1995) indicated that consumption of 
milk represents an important part of nutritional intake and is gradually 
replaced by the consumption of feed, suggesting that this can help to explain 
why the mortality rate during this period is largely independent of the feed. 
Furthermore, Lelkes (1987) indicated that susceptibility to digestive 
disorders is greater after weaning than before, on account of the many 
physiological changes which weaning causes. 



Table 2.7. Effect of starch on mortality of rabbits from 21 days until weaning (28-35 days of age). 



Dietary level 
of starch 
(g kg-' DM) 


Starch intake 
(g day 1 ) 


Dietary level 
of ADF 
(g kg- 1 DM) 


Mortality 

(%) 


No. of 
litters 
involved 


Reference 


130 


2.5 


221 


1.3 


Not cited 3 


De Bias et at. (1995) 


168 


3.6 


199 


0.8 






190 


4.3 


189 


0.7 






246 


8.0 


167 


1.5 






266 


6.6 


167 


1.2 






120 




192 


0.0 


64 


Maertens and Luzi (1995) 


216 




175 


0.6 






124 


3.0 


197 


3.5 


260 


J.J. Pascual and C. Cervera 












(personal communication) 


124 


2.8 


193 


4.0 






198 


5.7 


199 


4.3 






Low b 




145= 


0.8 


256 d 


Lebas and Maitre (1989) 


High b 




1 36= 


0.9 






Low b 




146= 


0.5 


1 29 s 




High b 




136= 


2.9 







3 290 rabbit does over a 6-month production cycle. 
b Around 150 g starch (low) or 250 g starch (high) kg -1 air-dry. 
c CF content, air-dry basis. 
d ln location A; c in location B. 
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Some characteristics of main protein sources included in 

rabbit diets 

Proteins are macromolecules made up of long chains of amino acid residues 
covalently linked by peptide bonds to form polypeptide chains. In each 
protein, these polypeptide chains are folded in three dimensions to form a 
characteristic tertiary structure. The properties of each amino acid depend on 
the structure of its chain (size and electric charge). Eight of them (isoleucine, 
leucine, lysine, methionine, phenylalanine, threonine, tryptophan and valine) 
are considered essential from a nutritional perspective because their carbon 
skeletons cannot be synthesized in higher animals. 

The nutritive value of a protein is determined not only by its amino acid 
composition, but also by its digestibility or proportion of ingested protein that 
is digested in the gut and absorbed as free amino acids. The main factors 
involved in protein digestibility in rabbits, as in other non-ruminant species, 
are chemical structure and properties (the insoluble proteins are more 
resistant to digestion), and accessibility to enzyme activity. 

Plant proteins are divided into two major classes: seed and leaf proteins. 
The main seed proteins are a part of the reserve material that is necessary for 
the development of the embryo of the future plant. Thus, the cereal endosperm 
contains approximately 0.7 of total cereal protein; the remainder is in the germ 
and in the outer bran. The proportions of the different types of proteins (Table 
3.1) differ between cereals: the soluble albumins and globulins derive from the 
cytoplasm of the cells, and the insoluble prolamins and glutelins are storage 
proteins. Oat grain contains a considerable proportion of globulins; the grains 
of sorghum and rice contain low levels of soluble proteins. The bran includes 
the aleurone layer of endosperm (inner bran) and, because of this, has higher 
proportions of both crude protein and cell walls than the whole grain. The 
storage proteins are richer in non-essential amino acids (especially glutamic 
acid and proline) and lower in lysine, cystine and threonine than cytoplasmic 
proteins (Table 3.2). In consequence, the amino acid composition of cereals 
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Table 3.1. Proportions of the different types of proteins in total protein of cereal and legume 
grains. 3 





Cytoplasmic or salt-soluble proteins 


Storage or insoluble proteins 




Albumins 


Globulins 


Prolamins 


Glutelins 


Wheat ( Triticum aestivum) 


0.03-0.05 


0.10-0.15 


0.50-0.65 


0.10-0.20 


Barley ( Hordeum vulgare ) 


0.03-0.04 


0.10-0.20 


0.45-0.50 


0.25-0.35 


Oats (Avena sativa) 


0.01 


0.60-0.65 


0.10-0.15 


0.25-0.30 


Maize (Zea mays) 


Trace 


0.05-0.06 


0.65-0.75 


0.15-0.20 


Bean ( Vida faba) 


0.04 


0.67 


— 


0.29 


Peas (Pisum sativum ) 


0.21 


0.66 


— 


0.12 


Soya (Glydne max) 


0.10 


0.90 


— 


0 


3 Larkins (1981), Miflin and Shewry (1981), Boulter and Derbyshire (1978). 
Table 3.2. Amino acid composition of wheat proteins. 3 






Albumins 


Globulins Prolamins 


Glutelins 


Methionine 


1.8 


1.7 


1.0 


1.3 


Lysine 


3.2 


5.9 


0.5 


1.5 


Threonine 


3.1 


3.3 


1.5 


2.4 


Tryptophan 


1.1 


1.1 


0.7 


2.2 


Glutamic acid 


22.6 


15.5 


41.1 


34.2 



3 Bushuk and Wrigley (1974). 



depends on the relative proportions of the different types of proteins. 

In general, the grains of legumes and oil seeds contain higher proportions 
of albumins and globulins than cereal grains (Table 3.1). Thus the proteins of 
legumes are richer in essential amino acids (especially lysine) and should be 
more digestible than those of cereals. However, the value of these seeds, when 
they are used unprocessed, is limited by the presence of various antinutritive 
factors (e.g. trypsin inhibitors, lectins or tannins) and/or fibrous material. 

The proteins of forage plants are concentrated in the leaves. Leaf 
proteins, unlike storage proteins in the grains, are concerned with the growth 
and biochemical functions of the cells in the leaf and are found in their 
cytoplasm. Thus, the major portion of leaf proteins are separated from the cell 
wall by a membrane, although a comparatively small fraction of insoluble 
protein remains tightly bound to the cellulose of the cell wall. 



Protein digestibility 

The main features of protein digestibility are difficult to assess through the 
chemical analyses commonly used in the evaluation of feedstuff's in which the 
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faecal apparent digestibility coefficient of crude protein (CPD) is obtained. 
The determination of the proportion of nitrogen bound to acid detergent fibre 
(N-ADF), which includes heat-damaged protein and nitrogen associated with 
lignin, permits the estimation of that portion of the nitrogen content of feeds 
which is indigestible. Although an increase in the non-starch polysaccharide 
content of feeds has been related to a decrease in its CPD (Longstaff and 
NcNab, 1991; Garcia et al., 1995b), cell wall content is not always related to 
the digestibility of proteins. 

A few attempts have been made to relate the CPD of different individual 
feedstuffs to their chemical composition. Martinez and Fernandez (1980) 
obtained a high correlation coefficient ( R 2 = 0.760) relating CPD (which 
varied from 0.13 to 0.82) to N-ADF content, using the data of six feed 
ingredients and two diets with very different chemical compositions. 
Recently, Villamide and Fraga (1998) have confirmed the high predictive 
value of N-ADF using only feedstuff data ( R 2 = 0.904, n = 11). However, as 
this analysis is not frequently undertaken in the assays on feedstuffs for 
rabbits, it is still not possible to obtain a suitable relationship in which a more 
homogeneous and representative number of feedstuffs allows the accurate 
prediction of CPD of the principal raw materials included in rabbit diets. 

On the other hand, the validity of grouping dissimilar ingredients for 
deriving this type of regression is questionable. When some groups of 
individual classes of similar feeds such as dry forages and protein 
concentrates are analysed, the best single predictor of CPD was the crude 
protein (CP) content ( R 2 = 0.405 and 0.260, respectively). It is commonly 
accepted that an increase in the CP content of a feedstuff increases its CPD 
because the proportional contribution of endogenous nitrogen to total faecal 
nitrogen decreases. In the same way, the structure of proteins of feedstuffs 
with a high CP content (legume feeds, lucerne leaves) is generally less 
resistant to digestion. 

In relation to complete diets, CPD seems to vary more according to 
the feed ingredients than to the chemical composition (de Bias et al., 1979, 
1984). However, M.J. Villamide and M.J. Fraga (unpublished data), using the 
information from 72 complete diets in which ADL was analysed, found a 
reasonable correlation between this variable and CPD ( R 2 = 0.432). The 
inclusion of dietary CP in the analysis did not improve the accuracy of 
prediction, probably because the range of variation in the CP content of 
complete diets was lower than that observed among the different feedstuffs 
included in rabbit diets. 

The dietary CPD of rabbits is influenced by age. Studies in which 
digestibility is determined at different ages (from weaning, at 28 days of age, 
to 1 1 weeks) show that CPD decreases following weaning to reach a steady 
value by approximately the 8th-9th week, with the decrease being slower 
from the 5th week. This effect is common to all dietary components, but the 
decrease in CPD is higher than that of the digestibility coefficient of organic 
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matter of diets (differences of up to 0.15 and 0.08, respectively; Gidenne et 
al., 1990). 

The effect of age on digestibility may be explained by the increase in feed 
intake that occurs particularly during the 5th week. This increase may be 
responsible for the lack of a relationship between the quantities of ingested 
feed and excreted faeces. Moreover, up to the 9th week, the relative weights 
of the different portions of the digestive tract of rabbits change, and a 
proportion of the ingested feed remains in the digestive tract, leading to an 
overestimate of CPD in young rabbits. Other factors related to CPD, such as 
caecal ammonia and CP concentrations, together with soft faeces production, 
are also influenced by the age of rabbits. 

However, there is a lack of information about CP digestibilities of 
individual feedstuffs in young rabbits. According to Bias et al. (1990) and 
Gidenne et al. (1990), the CPD of lucerne hay and peas may be lower in 
recently weaned than in adult rabbits, in comparison with a reference 
feedstuff of high CPD. This could indicate that the enzymatic processes 
necessary to digest vegetable protein are not fully developed when weaning is 
at 28 days of age. This needs to be confirmed in order to select the most 
appropriate source of protein for weaning diets. In the same way, it would be 
worth examining the possible hypersensitive reactions caused by the presence 
of antigens in soybean and in other legume grains. Although information is 
very limited, Scheele and Bolder (1987) have observed a significant increase 
in mortality rate of suckling rabbits when 200 g of soybean meal was included 
in the diet of does as a replacement for other protein concentrates. 



Amino acid digestibility 

Information regarding the digestibility of amino acids is even more scarce. 
Garcia et al. (1995b) observed that the type of lucerne hay affected both 
content and digestibility of most of the constituent amino acids, although no 
significant differences were found for glutamic acid, valine, leucine, tyrosine 
and arginine digestibilities. Digestibility of those amino acids which are 
usually limiting in rabbits feeds varied from 0.81 to 0.67, from 0.79 to 0.72, 
and from 0.77 to 0.67 for lysine, methionine and threonine, respectively. The 
results lead to the conclusion that there is a positive correlation between the 
overall protein digestibility and that of the individual amino acids. However, 
whereas a difference of 0.07 was found between extreme CPD values, a 
variation of 0.14 was obtained for lysine, although in the remainder of the 
amino acids the differences were smaller (fluctuating between 0.03 and 0.10 
points). 

Experiments designed to calculate the minimum requirements of the 
most limiting amino acid for rabbits provided an opportunity to determine 
their digestibility. When amino acids were provided by conventional feeds 
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the values obtained for lysine (Taboada et al., 1994), methionine (Taboada 
et ah, 1996) and threonine (de Bias et ah, 1996) were 0.74, 0.71 and 
0.63, respectively, and the values for the supplemented L-lysine HC1, 
D,L-methionine and L-threonine were 1.03, 1.04 and 0.94, respectively. These 
results emphasize the importance of using digestible units instead of total 
units to express amino acid requirements for rabbits. 



Crude protein ileal digestibility 

The techniques and methodology for fistulation at the terminal ileum and for 
caecal cannulation in rabbits developed in the last years (Gidenne and 
Bouyssou, 1987; Gidenne and Bellier, 1992; Merino, 1994) allow an 
estimation of the amounts of amino acids and CP that disappear from the 
small intestine, and in vivo studies of caecal fermentation. In other 
non-ruminant species, ileal digestibility provides a more sensitive predictive 
system for the detection of variations in the use of dietary amino acids by the 
animal than faecal digestibility (van Weerden, 1985). In the large intestine, 
the pattern of non-absorbed amino acid of feed origin is altered mainly 
because of the net synthesis of microbial protein. The microbial nitrogen 
contribution to total faecal nitrogen in pigs is about 0.62-0.86 (Sauer et ah, 
1991); recent results (Garcia et ah , 1995a) indicate that this value is lower 
(nearer to 0.3) in the hard faeces of rabbits. This is due to most of the bacterial 
nitrogen synthesized in the lower intestinal tract being reingested in the soft 
faeces of rabbits. Thus, the reingestion of soft faeces and the subsequent 
digestion of its CP content, in which a significant portion is bacterial nitrogen 
(from 0.31 to 0.68; Garcia et ah, 1995a, 1996), increases the complexity 
(Merino, 1994) and the interpretation of results of protein digestion studies. 

There are few data available on the apparent ileal digestibility coefficient 
of crude protein (ICPD) in rabbits. Table 3.3 shows the values obtained by 
Gidenne (1992) and Merino (1994) using diets in which the CP content 
contribution from lucerne hay varied between 0.40 and 0.70; the other dietary 
nitrogen sources were more digestible (fish or soybean meal). The principal 
digestible fraction of CP (more than 0.89) is hydrolysed before the caecum, 
even in diets where the majority of CP comes from lucerne hay (diet H). On 
the other hand, in the same diets only 0.6 of organic matter (diets H and L) or 
0.75 of DM (diet M) are digested before leaving the ileum. 

The high values of ICPD in relation to total CPD could be attributed to 
the inclusion of the nitrogen that comes from soft faeces in the calculation of 
ileal digestibility coefficients. However, Merino (1994) also obtained a high 
ICPD/CPD ratio (0.93) using rabbits fed diet M (Table 3.3) in which 
coprophagy was prevented. It is possible that the proportion of dietary CP 
non-digested at the ileal level is poorly used by caecal microorganisms. On 
the other hand, the results for ICPD suggested that the contribution of 
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Table 3.3. Effect of type of diet on proportion of digestible crude protein digested before the 
caecum. 





H a 


L a 


M b 


Diet ingredients (g kg - ’) (protein sources) 
Lucerne hay 


765 


486 


490 


Fishmeal concentrate 


48 


100 


— 


Soybean meal 


— 


— 


120 


CP proportion g kg -1 diet 


176 


182 


178 


CP proportion from lucerne hay 


0.70 


0.40 


0.45 


ICPD 


0.585 


0.650 


0.739 


CPD 


0.654 


0.721 


0.722 


ICPD/CPD ratio 


0.894 


0.901 


1.023 



a Gidenne (1992), b Merino (1994). 



endogenous nitrogen is very important in the last segments of the digestive 
tract (especially in the caecum). 

Using other diets also derived from conventional protein sources (diets 
AH50 and AH75 in Table 3.4) the ICPD/CPD ratios obtained (0.91 and 1.05) 
are near to the previously cited range. However, the characteristics of some 
feedstuffs (especially the presence of antinutritional factors and the content of 
a high proportion of nitrogen bound to the ADF fraction) can influence the site 
of dietary protein digestion. Thus, when lucerne hay is partially substituted by 
grape pomace (Table 3.4), the ICPD decreases from 0.61 to 0.28, with this 
reduction being higher (more than 100%) than the decrease in total CP 
digestibility (46%). The low CP digestive utilization of diet GP30 is related to 
its tannin content (13.5 g catechin equivalents of condensed tannins kg~‘ diet; 
Motta-Ferreira et al., 1996) which may bind to dietary protein, preventing 
protein digestion. The importance of tannins in CP digestibility has been 
studied in pigs fistulated at the ileum (Jansman et al., 1993), showing that the 
effect of tannins on digestibility was higher in the ileal than in the faecal 
fraction. Moreover, the high proportion of CP linked to ADF in diet GP30 
may explain its low digestive utilization. 

When lucerne hay was substituted by olive leaves in diet AH75 (diet 
OL75, Table 3.4) the ICPD decreased by 18% (from 0.79 to 0.67, although 
0.66 of dietary protein in that diet came from highly digestible sources such 
as wheat flour and soya protein isolate). Olive leaves, like other tree leaves, 
also contained phenolic compounds (hydrolysable tannins) that can be 
condensed during the drying process. Thus, in ruminants, the CPD of olive 
leaves varies from 0.1 1 to 0.30, according to the duration of the conservation 
process (Gomez-Cabrera et al., 1992). In the same way, 0.45 of the CP 
content of the olive leaves used in the study of Garcia et al. (1996) was found 
to be bound to the NDF fraction. 

In general, from 0.59 to 1.13 of faecal digested protein in rabbits is 
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Table 3.4. Effect of type of diet on proportion of digestible crude protein digested before the 
caecum and on related caecal traits. 





AH50 a 


GP30 a 


AH75 b 


OL75 b 


Diet ingredients (g kg -1 ) (protein sources) 


Lucerne hay 


500 


200 


750 


— 


Grape pomace 


— 


300 


— 


— 


Soybean meal 


100 


70 


— 


— 


Soya isolate 


— 


— 


50 


126 


Olive leaves 


— 


— 


— 


750 


CP g kg-' diet 


1 91 (50) c 


155(23)° 


203(63)° 


189(34)° 


ICPD 


0.608 


0.284 


0.788 


0.672 


ICPD/CPD ratio 


0.911 


0.594 


1.052 


1.127 


Caecal traits 


Ammonia (mmol M) 


4.7 


2.7 


9.6 


2.4 


V FA concentration (mmol I -1 ) 


52.1 


31.8 


64.3 


45.2 


Microbial N in soft faeces (g kg -1 DM) 


— 


— 


29.9 


23.5 



"Motta-Ferreira et at. (1996); Merino and Carabaho (1992). 
b Garcia etal. (1996); R.M. Carabaho (unpublished data). 

c The amounts of dietary CP coming from lucerne hay, grape pomace, lucerne hay and olive leaves, 
respectively, are in parentheses. 



digested before the caecum. This wide variation enphasizes the importance of 
evaluating the ileal digestibility of feedstuffs in rabbits, despite the methodo- 
logical complexity that is implicit in this technique. 



Nitrogen metabolism in the caecum 

Caecal microorganisms have a low amount of digestible nitrogenous material 
available to them from digesta compared with that in the rumen, because the 
major digestible fraction of dietary CP is digested before the caecum. Thus, a 
significant proportion of the bacterial protein will be synthesized from urea 
and other endogenous nitrogenous sources (digestive enzymes and cellular 
desquamation). 

Ammonia is the main end product of nitrogen catabolism in the caecum 
and the main source for microbial protein synthesis. The caecal ammonia con- 
centration in the rabbit fed balanced diets is in the range of 4.5 to 6 mmol I 1 
of NH 3 , which seems adequate for appropriate protein microbial synthesis 
when compared with ammonia concentration in the rumen. Some authors 
have suggested that an increment in the caecal concentration of ammonia 
(which contributes to increase the caecal pH) could alter the microbial 
population balance, increasing the risk of digestive disturbances (diarrhoea). 

An increment in caecal ammonia concentration was related by different 
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authors (Carabano et al., 1988, 1989, 1 997; Frag a et al., 1991; Motta-Ferreira 
etal., 1996; Garcia et al., 1995a, 1996) to an increase in the dietary digestible 
crude protein content. However, as occurs in the rumen (in which the ammonia 
concentration is related to solubility and rate of degradation of dietary proteins 
but also is inversely proportional to dietary digestible carbohydrate 
concentration), a closer relationship can be observed in rabbits between 
caecal ammonia concentration and dietary digestible energy/digestible 
protein (DE/DP) ratio. Thus, Fig. 3.1 presents the relationship between 
dietary E/P and caecal ammonia concentration obtained using the data from 
the studies previously mentioned. When the protein intake exceeds the 
nutritional requirements, the urea recycling from blood to the caecum might 
be increased, leading to an elevation in the caecal ammonia concentration. 
This supports the view that energy is the most limiting factor for optimum 
microbial growth in the caecum of rabbits as in pigs and ruminants. 

Other dietary factors can affect the caecal ammonia concentration. Thus 
the acid caecal conditions may lead to the dietary condensed tannins 
decreasing the proteolytic capacity of caecal microorganisms, as occurs in the 
rumen (Wag horn et al., 1987). This may in part explain the low caecal 
ammonia values obtained in diets that contained tannins (e.g. diets GP20, 
GP25, GP30 and OL75; see Fig. 3.1 and Table 3.4). The decrease in microbial 




Dietary E/P ratio (kJ DE g 1 DCP) 



Fig. 3.1. Effect of dietary energy:protein ratio on caecal ammonia concentration (OL75: diet with 
750 g of olive leaves kg -1 , Garcia et al, 1996; GP30, GP20, GP25: diets with 300, 200 and 250 g of 
grape pomace kg -1 , respectively, Motta-Ferreira et al., 1996; Fraga et al., 1991 ; other diets see 
text). 
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activity may also be estimated by the decrease in caecal VFA concentrations 
with respect to those obtained with lucerne hay diets. In the same way, the 
proportion of microbial nitrogen in total nitrogen contained in the soft faeces 
decreases by 21% in diet OL75 in relation to diet AH75. 

It is possible to utilize exogenous sources of non-protein nitrogen (urea) 
in the caecum for bacterial protein synthesis. However, even in situations 
where ammonia concentration in the caecum could be the limiting factor for 
microbial growth (e.g. in very low protein diets) dietary urea supply has not 
proved to be satisfactory. However, according to the results of Makkar et al. 
(1990), at least a part of the urea administered with a low protein diet enters 
the caecum directly (together with the blood urea), where it is quickly 
degraded to ammonia. In this situation, the liveweight gains of rabbits fed the 
urea-based diet were similar to those obtained with low protein diets. 

The CP level of caecal contents is partially influenced by the amount of 
microbial protein synthesized. According to the view that energy is the 
limiting factor to bacterial growth, an increase in dietary fibre content has 
been related to a decrease in the CP of caecal contents. Thus, Carabano et al. 
(1988) have observed a negative influence of dietary crude fibre (CF) content 
on CP of caecal contents (r = 0.81, n = 8). In addition, Garcia et al. (1995a) 
observed that the nitrogen concentration of caecal contents decreases linearly 
with the increase in dietary NDF proportion. Finally, Garcia et al. (1995a, 
1996) observed that the efficiency of microbial protein synthesis in the 
caecum (estimated as microbial nitrogen in soft faeces) decreases when the 
dietary fibre content increases. 

On the other hand, the bacterial activity in the caecum resulted in 
substantial changes in the amino acid composition of its crude protein when 
comparing normal with germ-free rabbits (Yoshida et al., 1971). An increased 
content of five essential amino acids (lysine, methionine, valine, leucine and 
isoleucine) reflects microbial protein synthesis. The methionine: cystine ratio 
was close to 1 : 1 for caecal contents and both hard and soft faeces, a normal 
ratio for bacterial protein which is predominant in those conditions. The ratio 
in the germ-free contents was of the order of 1:3, reflecting the high cystine 
content of pancreatic origin. 



Soft faeces and protein digestibility 

The main effect of soft faeces reingestion is related to protein reutilization. 
There are many data on the chemical composition of soft faeces suggesting 
that it is similar to that of the caecal contents. When comparing the protein 
concentration of soft faeces with that of the caecal contents of rabbits fed 31 
different diets obtained employing the same methodology, the following 
regression equation was obtained (see Fig. 3.2): 
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y = 100.88 + 6.89 (± 0.8) x, R 2 = 0.712, P < 0.001, n = 31, 

where y = CP (g kg -1 soft faeces DM) of soft faeces and .r = CP (g kg 1 caecal 
contents DM) of caecal contents. 

Having taken into account that the CP concentrations of caecal contents 
in these studies ranged from 190 to 340 g kg -1 , the corresponding CP 
concentrations in soft faeces ranged from 230 to 335 g kg~k This suggests that 
the nitrogen content of the mucosal envelope which covers the caecal 
contents in the last sections of the large intestine to produce final soft faeces 
may be near to 55 g kg~‘. The amount of endogenous nitrogen secreted daily 
as mucosal envelope is near to 0.05 g day 1 (assuming a mean value of soft 
faeces production of 20 g DM, with a content of 280 g CP kg 1 DM). The 
relationship between the CF proportions of soft faeces and caecal contents are 
close ( R 2 = 0.817); the CF level of soft faeces is an average of 8% lower than 
that of the caecal contents. 

The amount of soft faeces excretion varies with age, physiological status, 
diet and faeces collection method. Using 25 sets of data from rabbits of 
approximately 2.0 kg liveweight. in which a wooden collar was added at 
08.00 h and removed 24 h later, and with diets in which the NDF content 
varied between 230 and 550 g kg 1 (Carabano et al., 1988, 1989, 1997; 
Motta-Ferreira et ah, 1996; Garcia et ah, 1995a, 1996), the excretion of soft 




CP (g kg 1 caecal contents DM) 



Fig. 3.2. Effect of crude protein (CP) concentration of caecal contents on CP of soft faeces 
(Carabano et al., 1988, 1989, 1997; Fraga eta /., 1991; Motta-Ferreira etal., 1996; Garcia etaL 
1995a). 
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faeces ranged from 15 to 30 g DM day" 1 , the mean value was 20.8 g DM day" 1 
(i.e. near to 10 g DM kg 1 liveweight). Some authors have reported a constant 
relationship between the amount of hard and soft faeces excreted. Thus 
Gidenne and Lebas (1987) have obtained a relationship ( r = 0.639) between 
both faeces types from 28 to 133 days of age. 

The contribution of soft faeces to total CP intake varies, according to the 
chemical composition of the diet and principally to the composition of the 
feed ingredients within diets, from 0. 105 to 0.28 (using the studies previously 
mentioned), the higher values being associated with low digestibility diets 
with a high proportion of nitrogen coming from forage or from low 
digestibility by-products. Although higher values have sometimes been 
obtained (0.55; Falgao e Cunha and Lebas, 1986), in practical diets the 
protein supply from soft faeces is around 0. 1 8 of total CP intake. 

The values for soft faeces production obtained in lactating does fed 
conventional diets (Lorente et al., 1988) are higher (around 35 g DM day 1 ) 
than in growing rabbits, but the contribution of soft faeces to total intake of 
CP (around 0.16) is maintained in the same range because of higher feed 
intake of the does. 

As a result, the reingestion of soft faeces influenced diet digestibility, 
especially protein digestibility. When coprophagy is prevented, DM 
digestibility decreases slightly by about 6%, although in some diets variations 
are not observed. As an average value, the mean decrease in CPD is near to 
20%; the values obtained from the literature range from 4 to 27%. When the 
dietary protein comes from forage, the decrease is higher than in mixed or 
non-forage diets. 

On the other hand, there is a definite lack of information on the amino acid 
composition of CP of soft faeces. This composition is influenced by the 
microbial content of soft faeces and also the differences in the digestibility 
coefficients of dietary amino acids, and by the contribution of nitrogen of 
endogenous sources (especially that of its mucosal envelope). Data obtained 
by Proto (1976) indicate that the soft faeces are a good source of the most 
frequently limiting amino acids (methionine, lysine and threonine). Results of 
J.C. de Bias (unpublished data) obtained in lactating does fed diets that meet 
all their essential nutrient requirements indicated that the contributions of 
some of the essential amino acids (methionine, lysine, threonine, isoleucine 
and valine) are higher than the CP contribution of soft faeces to nutrient 
intake (0. 14; see Fig. 3.3). However, the difference was only significant in the 
case of threonine, which has been identified as the third limiting amino acid 
in rabbits. From the data mentioned, the main results of digestive processes 
that determine the amino acid composition of soft faeces with respect to diet 
composition (in addition to the increase in threonine content) are the 
increment of methionine/cystine ratio as a consequence of the relatively high 
value of this ratio in bacterial protein and the decrease in arginine, histidine 
and phenylalanine. 
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Fig. 3.3. Contribution of soft faeces to total intake of crude protein and some amino acids (J.C. de 
Bias, unpublished data). 

In conclusion, the amino acid supply from soft faeces in conventional 
diets did not seem to be enough to alter the dietary amino acid pattern in order 
to meet the essential amino acid requirements of rabbits. 
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Chemical structure and physical properties of fats 

The word ‘fat’ is commonly misused to indicate all lipids, a complex group of 
organic substances composed of C, H and O and characterized by solubility in 
organic apolar solvents (e.g. chloroform, acetone, ethers, benzene). Lipids 
can be divided into simple lipids that do not contain fatty acids, and complex 
lipids which are esterified with fatty acids (Fig. 4.1). 

Triglycerides can be considered ‘true fats’ because they represent the 
most typical form of energy accumulation in animal and vegetable organisms 
and therefore only these lipids have real nutritional importance. Triglycerides 
are the highest energy-yielding components in feeds, with an average of 2.25 
times more than other constituents (i.e. protein and starch). 

As evident from the name, triglycerides are formed by one glycerol mole- 
cule, a trihydric alcohol, to which three fatty acids (FA) are esterified (Fig. 
4.2). The physical, chemical and nutritive properties of triglycerides depend 
on FA characteristics (Fig. 4.3), i.e. the number of carbon atoms and the 
number and position of unsaturated bonds (double bonds). The number of 
carbon atoms in triglyceride FAs is usually even, due to the addition or sub- 
traction of a pair of carbon atoms during FA synthesis or oxidation in higher 
animals and plants, whereas microorganisms are also capable of producing 
FAs with odd numbers of carbon atoms. There are short-chain FAs formed of 
2 (C2) to 8 (C8) carbon atoms, medium-chain FAs, with 10-16 carbon atoms, 
and long-chain FAs, with 18 carbon atoms and more (up to 22-24). 

The number of double bonds is the second distinctive property of FAs: 
saturated FAs (SFA) contain only single (saturated) bonds between carbon 
atoms, while unsaturated FAs (UFA) present one or more double 
(unsaturated) bonds. UFA can be divided into monounsaturated FAs with only 
one double bond (e.g. oleic acid, C 1 8: 1), and polyunsaturated FAs (PUFA) 
with two (e.g. linoleic acid, C 1 8:2) or more (up to six) double bonds. The 
position of the double bonds in the carbon chain is another fundamental 
characteristic of FAs, because it determines the ability of PUFA to act as 
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Fig. 4.1. Classification of lipids. 
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Fig. 4.2. Synthesis of triglycerides by esterification of glycerol and fatty acids. 



Fatty acid 


Designation 


Chemical structure 


Miristic 


C14:0 


CH 3 — (CH 2 ) 12 — cooh 


Palmitic 


C16:0 


CH 3 — (CH 2 ) 14 — COOH 


Palmitoleic 


Cl 6:1, n— 7 


CH 3 — (CH 2 ) 5 — CH=CH— (CH 2 ) 7 — COOH 


Stearic 


C18:0 


CH 3 — (CH 2 ) 16 — COOH 


Oleic 


C18:1, n-9 


CH 3 — (CH 2 ) 7 — CH=CH — (CH 2 ) 7 — COOH 


Linoleic 


Cl 8:2, n-6 


CH 3 — (CH 2 ) 4 — CH=CH — CH 2 — CH=CH — (CH 2 ) 7 — COOH 


Linolenic 


Cl 8:3, n-3 


CH 3 — CH 2 — CH=CH — CH 2 — CH=CH — CH 2 — CH = CH — (CH 2 ) 7 — COOH 



Fig. 4.3. Chemical structure of major fatty acids in fats and oils. 



precursors of other essential compounds, such as hormones. Mammals and 
other higher animals, in fact, are able to elongate the carbon chain (e.g. from 
C18 to C22), but unable to insert double bonds between the carbon atoms in 
position 1 (n - 1 or co-1) of the chain (starting from the terminal methyl group, 
CH 3 -) and the carbon in position 9 (n-9 or co— 9). For this reason, animals need 
an adequate quantity of ‘essential FAs’ (EFA) in their diet, namely n - 3 FAs 
(with their first double bond in position 3) and n — 6 FAs (first double bond in 
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position 6). Dietary EFA are primarily represented by linoleic acid (Cl 8:2, 
n- 6) and linolenic acid (C 1 8:3, n-3). The former is essential for the synthesis 
of arachidonic acid (C20:4,n-6), the precursor of prostaglandins and 
prostacyclins (reproductive function) or thromboxanes (homeostasis 
function); the latter is essential for the synthesis of eicosapentaenoic acid 
(C20:5,n-3). the precursor of several compounds essential for heart, retina 
and brain functions, and the immune system (Enser, 1984; Sanders, 1988; 
Sinclair and O’Dea, 1990). 

The melting point of fats and oils is influenced by FA chemical structure 
and falls with a decrease in the number of carbon atoms and with an increase 
in the number of unsaturated bonds (Table 4.1). For this reason, triglycerides 
of vegetable origin are liquid at room temperature (oils) being richer in 
unsaturated bonds, while triglycerides of animal origin are solid (fats). 

In addition to influencing physical properties, the degree of unsaturation 
also affects fat stability, because the double bonds are easily oxidized, thereby 
forming hydroperoxides that are easily broken down into short-chain 
compounds, which give fat and feed their typically rancid odour. The rate of 
oxidation rises as the number of unsaturated bonds increases. As an example, 
linolenic acid (08:3) is oxidized 10 times more rapidly than linoleic acid 
(08:2), which is oxidized 10 times more rapidly than oleic acid (08:1) 
(Enser, 1984). 

A chemical index of the degree of unsaturation is the iodine number, i.e. 
the weight (in g) of iodine capable of reaction with 100 g of triglyceride: in 
fact, two iodine atoms can react with each double bond. In animal and 
vegetable lipids, the iodine number represents the average degree of 
unsaturation of the entire pool of FAs composing the triglycerides (Table 4.1). 



Table 4.1. Physical and chemical properties of various fats and oils (Cheeke, 1987). 





Iodine 

number 


Melting 

point 

(°C) 




Fatty acids (g kg -1 


) 




Type of fat 


16:0 


18:0 


18:1 


18:2 


18:3 


Vegetable oils 


Coconut oil 


8-10 


20-35 


80 


28 


56 


16 


— 


Corn oil 


115-127 


<20 


120 


27 


301 


547 


14 


Olive oil 


79-80 


<20 


140 


26 


740 


81 


— 


Safflower oil 


145 


<20 


123 


18 


112 


743 


— 


Soybean oil 


130-138 


<20 


115 


43 


273 


497 


69 


Animal fats 


Butter 


26-28 


28-36 


270 


125 


350 


30 


8 


Beef tallow 


35-45 


36-45 


262 


224 


453 


16 


— 


Lard 


50-65 


35-45 


257 


56 


492 


96 


11 


Poultry fat 


80 


<30 


214 


59 


395 


235 


10 
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Fats in rabbit feeds 

The triglycerides usually present in rabbit feed, and pure vegetable and 
animal fats, contain primarily medium or long-chain FAs (C14-C20), with 
C16 and C18 FAs being most common (Table 4.1). Rabbits have no specific 
fat requirements apart from a small amount of EFA(Lang, 1981; INRA, 1989; 
Lebas, 1989), common to all mammals and other species such as birds and 
fish (Whitehead, 1984; Sanders, 1988; Sinclair and O’Dea, 1990). This need 
is easily met by the lipids contained in the conventional raw materials used in 
the formulation of compound feeds. In addition, rabbit feeding is normally 
based on moderate energy diets, and therefore pure fats or oils are not added, 
and the dietary crude fat content does not exceed 30-35 g kg 1 on average. 
Only a part of this chemical constituent is composed of true fat, or 
triglycerides, given that the larger part is composed of other compounds such 
as glycolipids, phospholipids, waxes, carotenoids, saponins (Van Soest, 
1982; Cheeke, 1987) (Fig. 4.1). All these substances are soluble in ethyl ether 
or petroleum ether, the solvents utilized to determine the crude fat or ether 
extract (EE) contents using the Weende feed analysis method. These lipids 
possess rather low digestibility and metabolic utilization and are therefore 
considered scarcely relevant from the nutritional point of view. 



Triglyceride digestion and utilization 

Triglycerides ingested with the diet by rabbits are submitted to rather 
complex processes of digestion and absorption, but, on the whole, these 
processes are similar to those observed in other non-ruminants (Brindley, 
1984; Freeman, 1984; Cheeke, 1987; Fekete, 1988). In particular, 
triglycerides are previously emulsified, and then hydrolysed by lipolytic 
enzymes, before being finally absorbed in the small intestine. 

As observed in different species (human, pig, rat, cattle; Freeman, 1984), 
the digestive process in suckling animals begins in the stomach, where pre- 
duodenal lipases (oral, and sometimes gastric) hydrolyse the naturally 
emulsified fat in milk. In rabbits, however, the presence of such lipases has 
only been hypothesized (Fernandez et al., 1994) but never experimentally 
proven. 

When solid feed is given, triglycerides require previous emulsification, 
and therefore fat digestion occurs only in the small intestine as schematically 
shown in Fig. 4.4. Fat emulsification is promoted by bile salts secreted by the 
liver. Bile salts mix with fat droplets and break them down into minute 
globules that can be easily hydrolysed by pancreatic lipase and other 
lipolytic enzymes (colipase, sterol ester hydrolase and phospholipase) 
(Freeman, 1984; Fekete, 1988). The enzymatic hydrolysis of triglycerides 
leads to the separation of primarily glycerol, free FAs and monoglycerides 
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(glycerol esterified with a single FA) which remain emulsified with bile, 
forming microscopic micelles. These micelles move to the microvilli of the 
duodenum and jejunum, which absorb the glycerol, free FAs and 
monoglycerides leaving the bile salts in the intestinal lumen, which are then 
absorbed in a lower tract (distal ileum). Fat absorption is passive, i.e. a 
non-energy consuming process. When absorbed into intestinal cells, glycerol 
and short-chain FAs (C<12) go directly into the blood, where they circulate as 
non-esterified fatty acids (NEFA). On the other hand, monoglycerides and 
medium and long-chain FAs (CM2) are resynthesized triglycerides. Droplets 
of synthesized triglycerides are then covered by a lipoprotein membrane, 
forming chylomicrons which pass to the lymph circulation system (Brindley, 
1984). 

Long-chain FAs esterified in the triglycerides of chylomicrons can be 
metabolized as energy sources, or either incorporated directly into fat tissue 
(Wood, 1990) or transferred unchanged to the milk (Seerley, 1984). For this 
reason, the composition of the dietary fat can significantly influence fat 
characteristics in the rabbit carcass (Raimondi et al., 1975; Ouhayoun et al.. 




Fig. 4.4. Digestion and absorption of triglycerides in rabbits and other non-ruminants. 
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1986; Cavani et al., 1996) or the FA composition of the milk fat (Fraga et al., 
1989; Christ et al., 1996; Lebas et al., 1996). 

FAs which are not digested can pass through the lowest part of the gut 
and be excreted in the faeces as soaps, or enter the caecum, where UFAs are 
hydrogenated by the caecal microflora (Fernandez et al., 1994; Gidenne, 
1996). A de novo FA synthesis also occurs with increasing proportions of 
short- and medium-chain FAs and decreasing levels of Cl 8:2 and Cl 8: 3. In 
addition, an increase in FAs with odd numbers of carbon atoms (C15 and 
C17) has been observed (Fernandez et al., 1994). 



Effect of the analytical method on digestibility 
determination 

The precise determination of EE digestibility (EEd) is essential for a correct 
energy evaluation of complete diets or raw materials for rabbits. According to 
Jentsch et al. (1963) and Maertens et al. (1988), the digestible energy content 
of rabbit feeds can be calculated with good precision (1% residual SD) 
whenever the digestible EE and other digestible nutrients (crude protein, 
crude fibre and N-free extract) are known. However, despite the considerable 
amount of experimental data available on fat digestion efficiency in rabbits, 
the results often conflict, with variable EEd ranging from 0.40 to 0.95. 

Parigi Bini et al. (1974) demonstrated the presence of soaps (salts of FAs 
and Ca 2+ ) in rabbit faeces, which was favoured by the high level of dietary 
calcium (mostly present in lucerne meal). Such soaps are only partially 
detected by ether extraction analysis, therefore providing an underestimation 
of the undigested lipids (faecal lipids) and consequently an overestimation of 
EEd (Table 4.2). These authors suggested submitting the faecal samples to 
acid hydrolysis treatment (in 5 M HC1) before extraction with ether in order to 
remove the FAs from the soap bonds. Using this method, Maertens et al. 
(1986) were able to recalculate the EEd values previously found for different 
types of fat (0.87-0.88) and obtain the correct values of 0.64 (beef tallow), 
0.74 (lard), 0.75 (mixed fat) and 0.83 (soybean oil) after acid hydrolysis 
pre-treatment. 

The problem of analysis methodology for EE determination has recently 
been examined by a ring-test on the chemical analyses of rabbit diets and 
faeces conducted by six European laboratories, all members of EGRAN 
(European Group on Rabbit Nutrition) (Xiccato et al., 1996). This study 
demonstrated that the reproducibility between laboratories of EE values of 
feed and faeces was poor, and consequently the EEd calculated in the 
different laboratories ranged from 0.57 to 0.73 for the same diet. 
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Table 4.2. Digestibility coefficients of ether extract (EEd) before and after acid hydrolysis of 
faeces. 



Authors 


Type of 
fat 


Added fat 
in the diet 
(9 kg -1 ) 


EE in the 
diet 
(g kg- 1 ) 


EEd before 
HCI 

treatment 


EEd 

after HCI 
treatment 


Parigi Bini ef al. (1974) 


Basal 


0 


37 


0.72 


0.52 




Beef tallow 


50 


92 


0.85 


0.67 




Beef tallow 


100 


137 


0.89 


0.69 


Maertens etal. (1986) 


Basal 


0 


22 


0.69 


0.57 




Tallow 


60 


81 


0.88 


0.64 




Lard 


60 


84 


0.87 


0.74 




Mixed fat 


60 


84 


0.88 


0.75 




Soybean oil 


60 


81 


0.87 


0.83 



Effect of the level and source of fat 

Lipid digestibility depends primarily on the level and source of added fats. 
The EEd of a non-added fat diet, which contains 25-30 g kg -1 of structural 
lipids linked to vegetable cell walls, is rather low (0.45-0.65). In three diets 
with 0 (control), 30 and 60 g added fat kg -1 , Santoma et al. (1987) observed a 
significant increase in EEd as fat level increased (0.64, 0.75 and 0.79, 
respectively) without any significant difference between fat sources. These 
data were confirmed by Fernandez et al. (1994) using diets with different 
types of fat (beef tallow, oleins or soybean oil) and inclusion levels (30 and 60 
g kg 1 )- These authors found EEd of 0.48 for a conventional non-added fat 
diet, 0.71-0.76 for 30 g added fat kg 1 diet, and 0.80-0.83 for 60 g added fat 
kg -1 diet. The digestibility coefficients (calculated by difference) of the pure 
fats were 0.86 (beef tallow), 0.90 (oleins) and 0.98 (soybean oil). These 
values were similar to those listed by Maertens et al. (1990) for animal fat 
(0.90) and soybean oil (0.95). 

The increase in EEd with higher levels of dietary fat could also be raised 
by the reduction of dry matter (DM) intake, which usually happens when feed 
of a higher dietary energy value is given, as a consequence of the chemostatic 
regulation of appetite (INRA, 1989; Lebas, 1989; Forbes, 1995; Xiccato, 
1996). The decrease of DM intake is associated with a lower transit time of 
digesta and consequently leads to increased digestion efficiency. 

On the other hand, when the inclusion of fat is very high (e.g. >80 g kg -1 ), 
EEd often decreases (Table 4.3), probably because both the digestive efficiency 
and the microflora activity in the caecum are negatively affected by the exces- 
sive fat (Maertens et al., 1986; Falcao e Cunha et al., 1996; Gidenne, 1996), as 
also occurs in ruminants (Van Soest, 1982) and poultry (Wiseman, 1984). 

The differences observed in EEd among various sources of fats are 
mostly attributed to their molecular structure and chemical bonds. As 
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mentioned above, the fat contained in conventional raw materials is linked to 
plant structures and is therefore poorly digested. Pure added fats are much 
more easily digestible, and this is also true for the fat contained in heated (or 
extruded) full-fat oil seeds, such as full-fat soybean (Table 4.4). The EEd of 
full-fat soybean was found to be very high (0.97), similar to the value of pure 
soybean oil (Maertens et al., 1990), and only slightly higher than full-fat 
rapeseed (0.93) (Maertens et al., 1996). 

It is not clear whether EEd variation depends on the proportion of the 
different FAs in the various sources of fat, or not. As in other species, Maertens 
et al. (1986) and Santoma et al. (1987) noticed a negative relationship between 
the degree of saturation and fat digestibility in rabbits: more saturated fats (e.g. 
beef tallow, lard) are less digestible than unsaturated fats (e.g. sunflower or 
soybean oils), most probably because these latter are more easily emulsified 
and therefore digested in the gut. On the basis of such observations, Santoma et 
al. (1987) proposed the following regression equations in order to estimate EEd 
from the EE content and the linoleic acid (LA) or total UFA contents: 

EEd = 0.59 + 1.87 x 10~ 3 EE (g kg" 1 DM) + 0.19 x 10 3 LA (g kg“‘ DM), r = 0.59 

EEd = 0.48 + 1.51 x 10" 3 EE (g kg- 1 DM) + 0.30 x 10' 3 UFA (g kg- 1 DM), 
r = 0.54 



Table 4.3. Effect of the inclusion level of added fat on the digestibility of ether extract (EEd). 





Type of 


Inclusion level 


EE in the diet 




Authors 


fat 


(g kg- 1 ) 


(g kg- 1 ) 


EEd of diets 


Maertens etal. (1986) 


Basal diet 


0 


22 


0.57 




Beef tallow 


60 


81 


0.64 




Beef tallow 


120 


133 


0.52 




Lard 


60 


84 


0.74 




Lard 


120 


136 


0.71 


Falcao e Cunha et at. (1996) 


Basal diet 


0 


46 


0.82 




Beef tallow 


40 


83 


0.86 




Beef tallow 


80 


113 


0.84 



Table 4.4. Effect of the inclusion of full-fat oilseed on the digestibility of ether extract (EEd). 



Authors 


Type of 
full-fat seed 


Inclusion level 

(g kg' 1 ) 


EE in the diet 
(g kg- 1 ) 


EEd of diets 


Cavani et at. (1996) 


Basal diet 


0 


28 


0.70 




Soybean 


30 


32 


0.82 




Soybean 


60 


38 


0.85 


Maertens et at. (1996) 


Basal diet 


0 


29 


0.71 




Oilseed rape 


300 


156 


0.89 
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More recently, Fernandez et al. (1994) considered that the digestibility of 
different FAs depends more on the source of fat than the degree of saturation. 
These authors measured FA digestibility in two diets: diet T, containing 30 g 
beef tallow kg -1 , and diet S containing 30 g soybean oil kg -1 . The digestibility 
coefficients of the two principal SFAs, i.e. C16:0 and C 1 8:0, were higher 
(0.67 and 0.71) in the T diet than in the S diet (0.57 and 0.31); on the other 
hand, the PUFA, i.e. 08:2 and 08:3, were more digestible in the more 
unsaturated diet (0.69 and 0.80 in the T diet vs. 0.84 and 0.84 in the S diet). 
These authors concluded that the UFA: SFA ratio in dietary fats may not be the 
most appropriate predictor of fat digestibility. However, due to the higher 
level of PUFA and their higher digestibility, the more unsaturated diet (S) 
effectively showed a higher EEd than the T diet (0.81 vs. 0.77). 

As mentioned above, the digestibility evaluation of specific FAs in 
rabbits is probably affected by a systematic bias linked to the influence of 
caecal microflora. As in the rumen, the microbial population of the caecum 
may hydrogenate the non-digested UFAs, transforming them into SFAs. 
Moreover, a de novo synthesis of short- and medium-chain, and odd-chain 
FAs occurs, and this definitely changes the composition of faecal fat and 
modifies the ratio between digestible SFAs and UFAs (Fernandez et al., 1994; 
Gidenne, 1996). 



Effect of age, physiological state and nutritive level 

The digestion efficiency for fat, as well as for other nutrients, seems to vary 
during the life of rabbit. 

Rabbit milk contains a high quantity of lipids (100-150 g kg 1 depending 
on lactation period) that are easily digested and absorbed by suckling rabbits. 
Parigi Bini et al. (1991b) estimated the digestibility of milk and solid feed 
during weaning (from 21 to 26 days of age) by multiple regression. The EEd 
of milk was found to be practically complete (0.97), while the EEd of pelleted 
food was much lower (0.74). 

Several studies have been conducted to evaluate the variation of 
digestibility efficiency with age in growing and adult rabbits, but the experi- 
mental results are often inconsistent. Digestibility coefficients of different 
nutrients tend to either decrease or remain constant with age, but EEd seems 
to follow a different trend. Evans and Jebelian (1982) observed increasing 
EEd from 0.78 at 5 weeks to 0.82 at 8 weeks. Xiccato and Cinetto (1988) 
confirmed these results with EEd rising from 0.72 (7 weeks) to 0.79 (12 
weeks). On the other hand, Fernandez et al. ( 1994) observed higher EEd values 
in recently weaned rabbits (5 weeks) than in finishing rabbits (10 weeks). 

Comparing digestibility efficiency in growing rabbits (male and female) 
and adult does (pregnant and not pregnant) fed a non-added fat diet, Xiccato 
et al. (1992) observed significantly lower EEd in young rabbits than in adult 
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rabbits (0.58 vs. 0.64), but no differences between sexes in growing rabbits or 
between physiological states (pregnant or not pregnant) in adult does. These 
latter results confirmed an absence of any effect ascribable to reproductive 
status, as was previously observed by Parigi Bini et al. (1991a) on does 
during late pregnancy, early lactation and late lactation. 

The influence of age and physiological state on EEd could be attributed 
to the variation in feed intake, as suggested by Fernandez et al. (1994). 
However, this hypothesis does not agree with the results achieved by other 
studies involving growing rabbits (Xiccato and Cinetto, 1988; Xiccato et al., 
1992) and lactating does (Parigi Bini et al., 1992) on either ad libitum or 
restricted feeding. 

On the other hand, Parigi Bini (1971) found a very significant negative 
correlation between dietary crude fibre (CF) level and both DM and EE 
digestibility: 

DMd (%) = 0.812 - 1.17 x 10" 3 g kg 1 DM r = -0.929 

EEd (%) = 0.993 - 2.08 x 10" 3 g Cr kg" 1 DM r = -0.936. 

The decrease of both DMd and EEd is linked to poorer diet quality, and the 
higher feed intake and faster transit rates that occur when higher fibre levels 
are given. However, even if this research was unable to distinguish between 
the simultaneous effects of CF level on DMd and EEd, it appears that the 
decrease of EEd with increasing CF levels is probably accentuated by a 
negative interaction between fibre and fat; the latter is always strictly 
associated with cell walls in non-added fat diets. 
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Introduction 

Dietary fibre (DF) is the main constituent of a commercial rabbit feed and, 
depending on the analytical technique adopted, may range from 150 to 500 g 
kg~‘ (Table 5.1). Thus, fibre needs to be evaluated as precisely as possible and 
its effect on digestion understood. Initially the definition and structure of the 
different classes of fibre and of cell wall constituents will be considered 
briefly, followed by a description of some analytical methods employed for 
animal or human feeds. Secondly the effects of fibre on rabbit digestion will 
be described. 



Dietary fibre in animal feeds: definition, physicochemical 
properties and analysis 

Plant cell wall and dietary fibre: definition 

The two terms ‘cell wall’ and ‘dietary fibre’ are often imprecisely used, 
because they refer to a common plant structure. However, they do not exactly 
describe the same chemical components and therefore do not have the same 
meaning. Accordingly, it is useful to define separately these two terms. 

The term ‘plant cell walls’ (PCWs) must be employed when describing 
the structure of the plant cell, which is extremely complex. PCWs are not 
uniform; the type, size and shape of the wall is closely linked to the function 
of the cell within the plant (skeletal tissue, seeds, etc.). In general, PCWs 
consist of a series of polysaccharides often associated and/or substituted with 
glycoproteins (extensin), phenolic compounds and acetic acid, together with, 
in some cells, the phenolic polymer lignin. Other organic substances, such as 
cutin or silica are also found in the walls and/or in the middle lamella. A 
growing plant cell is gradually enveloped by a primary wall that contains few 
cellulosic microfibrils and some non-cellulosic components such as pectic 
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Table 5.1. Current levels of fibre in a complete feed used for the growing rabbit. 



Residue analysed 


g kg _1 DM 


Crude fibre 


140-180 


Acid detergent fibre (ADF) 


160-210 


Neutral detergent fibre (NDF) 


270-420 


Water insoluble cell wall (WICW) 


280-470 


Total dietary fibre (TDF) 


320-510 


Other feed constituents 


Starch 


100-200 


Crude protein 


130-180 



substances. During plant ageing, some cells develop a thick secondary cell 
wall consisting of cellulose embedded in a polysaccharide + lignin matrix 
(Selvendran et al., 1987; McDougall et al., 1996). 

Thus, in brief, the wall is formed of cellulose microfibrils (the backbone) 
embedded in a matrix of lignins, hemicelluloses, pectins and proteins (Fig. 5.1) . 

The term ‘dietary fibre’ refers to the nutrition of animals. Most experts in 
human nutrition have defined DF as the part of a foodstuff that cannot be 
digested by the enzymes of the gastrointestinal tract. This empirical 
‘catch-all’ definition describes mainly PCW constituents but also other 
substances including resistant starch or protein linked to cell walls, etc. Thus 
for animal nutrition purposes, it is preferable to define DF as the sum of 
non-starch polysaccharides (NSP) and lignins (Fig. 5.2), because these refer 
to compounds hydrolysed only by bacterial enzymes and because they have 
common properties in digestive physiology. 



Constituents 




Fig. 5.1. Schematic representation of plant cell walls, and their main constituents. 
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Plant cell wall 

proteins/lipids/silica/cutin/waxes/lignins/cellulose/hemicelluloses/pectins/|3-glucans 


Cytoplasm 

gums/a-galactosides 


i 


V i 

Dietary fibre 


k 



Fig. 5.2. Plant cell wall constituents and dietary fibre. 



Biochemical characteristics of dietary fibre 

The chemical features of DF are highly variable, depending on many factors 
such as molecular weight, nature of monomers and types of linkages. 
Accordingly, chemical features of fibre are one of the main factors responsible 
for variations in digestibility, and thus it is of importance to describe them. 

With the exception of lignin, the cell wall constituents are predominantly 
polysaccharides composed of neutral and/or acidic sugars. They can be 
determined using sophisticated extraction techniques, and examples of their 
concentration in some feedstuffs are given in the Table 5.2. 

Among the numerous types of cell wall polymers (Chesson, 1995), it is 
convenient to select five major classes of fibre, according to their chemical 
structure and properties (Fig. 5.3): 

• one class of various water-soluble non-starch polysaccharides and oligo- 
saccharides; 

• four classes of water-insoluble polymers: lignins, cellulose, hemi- 
celluloses, pectic substances. 

Water-soluble polysaccharides and oligosaccharides include several 
classes of molecules with a degree of polymerization ranging from about 
15 to more than 2000 (p-glucans). Most of them are insoluble in ethanol (80% 
v/v). Examples include soluble hemicelluloses such as arabinoxylans (in 
wheat, oat and barley « 20-40 g kg DM) and P-glucans (in barley or oat 
« 10-30 g kg -1 DM), oligosaccharides such as a-galactosides (in lupin, pea or 
soya seeds, 50-80 g kg 1 DM), and soluble pectic substances (pulps of fruits 
or beets, up to 100 g kg -1 DM). Because of their highly variable structure, no 
satisfactory method is at present available to determine precisely these 
compounds in animal feeds. 

Pectic substances are a group of polysaccharides present in the middle 
lamellae and closely associated with the primary cell wall, especially in the 
primary cells (young tissues) of dicotyledonous plants, such as in legume 
seeds (40-140 g kg 1 DM in soybean, pea, faba bean, white lupin), and also in 
fruits and pulps. Pectic substances correspond to several classes of polymers, 
including pectins (rhamnogalacturonan backbone and side chains of 
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Table 5.2. Proximate composition of cell-wall constituents (%), according to several methods of 
analysis, in some raw materials used in rabbit feeds. 



Ingredients 


Wheat 

straw 


Wheat 

bran 


Dehydrated 

lucerne 


Sugar-beet 

pulp 


Sunflower 

meal 


Soybean 

hulls 


Grape 

pomace 


NDP 


80 


45 


45 


46 


42 


62 


64 


ADF a 


54 


11 


34 


22 


31 


44 


54 


ADL a 


16 


3 


8 


2 


10 


2 


34 


Crude fibre" 


40 


10 


27 


19 


26 


36 


26 


WICW" 


84 


45 


47 


50 


38 


72 


69 


INSP d 


55 


36 


33 


64 


26 


55 


36 


Rhamnose 


<1 


<1 


<1 


1 


<1 


1 


<1 


Arabinose 


2 


8 


2 


18 


3 


4 


<1 


Xylose 


18 


16 


6 


2 


5 


7 


8 


Mannose 


<1 


<1 


<1 


1 


1 


6 


2 


Galactose 


<1 


<1 


<1 


4 


1 


2 


2 


glucose 


33 


9 


19 


19 


11 


29 


19 


Uronic acids 


2 


2 


7 


18 


5 


6 


5 


SNSP e 


1 


3 


3 


10 


1 


2 


1 


Crude protein 


3 


15 


16 


9 


34 


11 


13 



a NDF, neutral detergent fibre; ADF, acid detergent fibre; ADL, acid detergent lignin (Van Soest et 
al., 1991). 

b According to the Weende method (Henneberg and Stohman, 1864). 
c Water-insoluble cell wall, including lignin (Carre and Brillouet, 1989). 

"Insoluble non-starch polysaccharides, not including the lignin, determined by direct monomeric 
analysis of cell wall polysaccharides (Englyst, 1989; Barry etal., 1990). 

'Water-soluble non-starch polysaccharides (Brillouet etal., 1988; Englyst, 1989). 





Lignins 




Total dietary fibre 


Non-starch 

polysaccharides 

(NSP) 


Cellulose 
Hemicelluloses 
Pectic substances 


Water-insoluble 
cell wall 






Water-soluble NSP: 

water-soluble pectins, 
p-glucans, arabinoxylans 


Water-soluble NSP 



Fig. 5.3. Global classification of dietary fibre. 



Fibre Digestion 



73 



arabinose and galactose) and neutral polysaccharides (arabinans, galactans, 
arabinogalactans) frequently associated with pectins. Their extraction 
requires the use of a chelating agent such as ammonium oxalate or ethylene 
diamine tetraacetic acid (EDTA) (present in the solution for determining 
neutral detergent fibre (NDF) so they are not recovered in NDF analysis as 
described below). Pectins of the middle lamellae serve as an adhesive in plant 
tissue, cementing plant cells together. 

Cellulose is the major structural polysaccharide of the PCW and the most 
widespread polymer on earth. It is a homopolymer (in contrast to 
hemicelluloses and pectins), formed from linear chains of (3[ 1 — >4] linked 
D-glucopyranosyl units (whereas starch is formed of a[l— >4] linked 
D-glucopyranosyl chains). The degree of polymerization is usually around 
8000-10,000. Individual glucan chains aggregate (hydrogen bonding) to form 
microfibrils, and could serve as the backbone of the plant. Thus, cellulose is 
only soluble in strong acid solutions (i.e. 72% sulphuric acid) where it is 
partially hydrolysed. Quantitatively, cellulose represents 400-500 g kg 1 DM in 
hulls of legume and oilseeds, 100-300 g kg~* DM in forages and beet pulps, 30- 
150 g kg 1 DM in oilseeds or legume seeds. Most cereal grains contain small 
quantities of cellulose (10-50 g kg 1 DM) except in oats (100 g kg 1 DM). 

The hemicelluloses are a group of several polysaccharides, with a lower 
degree of polymerization than cellulose. They have a (3[ 1 — > 4 ] linked 
backbone of xylose, mannose or glucose residues that can form extensive 
hydrogen bonds with cellulose. Xyloglucans are the major hemicellulose of 
primary cell wall in dicotyledonous plants (in vegetables, in seeds), whereas 
mixed linked glucans (p[l— >3,4]) and arabinoxylans are the predominant 
hemicelluloses in cereals seeds (the latter two include partly water-soluble 
and water-insoluble polymers, described above). Hemicelluloses include 
other branched heteropolymers (units linked p[l— >3], p[ 1 — >6 1. a[ I — >4], 
a[l— >3]) such as highly branched arabinogalactans (in soybean), galacto- 
mannans (seeds of legumes), or glucomannans. Polymers formed of linear 
chains of pentose (linked P[ 1 — >4] ) such as xylans (in secondary walls), or 
hexose such as mannans (in palm kernel meal) are also classed as 
hemicelluloses. Pentosans such as xylans and arabinoxylans are soluble in 
weak basic solutions (5-10%), or in hot dilute acids (5% sulphuric acid). 
Hexosans such as mannans, glucomannans or galactans can only be dissolved 
in strong basic solutions (17-24%). Quantitatively, hemicelluloses constitute 
100-250 g kg 1 of the DM in forages and agro-industrial by-products (brans, 
oilseeds and legume seeds, hulls and pulps) and about 20-120 g kg 1 DM of 
grains and roots. 

Fignins are the only non-saccharidic polymer of the cell wall. They can 
be described as very branched and complex three-dimensional networks 
(high molecular weight), built up from three phenylpropane units (cony- 
ferilic, coumarilic and sinapyilic acid). Fignin networks tend to fix the other 
polymers in place, exclude water and make the cell wall more rigid and 
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resistant to various agents, such as bacterial enzymes. Most concentrate feeds 
and young forages contain less than 50 g lignin kgA With ageing, the degree 
of lignification of the PCW may reach 120 g kg 1 in forages. 

Other constituents are also present in cell walls, but in smaller quantities. 
Minerals, such as silica, are essentially in graminaceous leaves. Phenolic 
acids are chemically linked to hemicelluloses and lignin in gramineous 
plants. Some proteins are linked to cell walls through intermolecular bonds 
from amino acids such as tyrosine, and thus resist standard extractions. In 
addition, plant epidermal cells may be covered by a complex lipid (cutin for 
aerial parts, suberin for underground structures) which could encrust and 
embed the cell walls, making them impermeable to water. 

Other phenolic compounds can also be mentioned, i.e. condensed 
tannins, which may exist in higher plants. They form cross-linkages with 
protein and other molecules. They could be included in the sum of 
indigestible polysaccharides + lignin. However, condensed tannins, lignins 
and indigestible proteins are closely related because indigestible complexes 
of these substances are common in plants (Van Soest et al., 1987). 

Methods for estimating the dietary fibre (DF) content of animal feeds 

Estimating the fibre content of feeds for ruminant and non-ruminant animals 
is important, because the fraction is highly related to their organic matter 
digestibility. For instance, a new method was established to predict the 
metabolizable energy content in poultry feeds, based on only one chemical 
fibre criterion: the water- insoluble cell wall content, ‘WICW’ (Carre, 1991, 
and Fig. 5.4), because insoluble fibres are indigestible for poultry. 

Estimating the DF is also necessary to describe a feed or raw material. 
This is particularly important in rabbit feeding because a deficiency in the 
fibre supply leads to serious digestive problems. Consequently, it is of 
importance to evaluate the concentration of the different classes of fibres and 
their effects on the digestive processes. 

Unfortunately, because of the diversity of fibre classes (described above), 
currently no method is adequately able to fractionate DF. However, methods 
have been developed to estimate the DF content in animal feeds, but none of 
them correspond to a precise DF fraction. Detailed reviews have been 
recently published on this subject (Asp and Johansson, 1984; Carre, 1991; 
Giger-Reverdin, 1995). Accordingly only those techniques currently used in 
rabbit feeding will be described (Fig. 5.4). 

Initially, the Weende method (Henneberg and Stohmann, 1864) must be 
mentioned because it is quick, simple, cheap and frequently used all over the 
world. This technique extracts a fibre residue, ‘crude fibre’ (after an acidic 
followed by a basic hydrolysis), which corresponds partly to a mixture of 
cellulose, lignins, cutin and suberin. The main limitations of this method are 
that crude fibre is too global a criterion and that the fibre residue contains in 
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RESIDUE OF 



CLASS OF POLYMER 




Fig. 5.4. Gravimetric methods for the determination of dietary fibre and identification of the residue 
of analysis.1: Lee etal. (1992); Li (1995); 2: Carre and Brillouet (1989); 3: Van Soest et at. (1991); 
4: according to the Weende technique (Henneberg and Stohmann, 1864). 



fact various proportions of different fibre classes (depending on the raw 
material analysed): 0.30-1 .0 cellulose, 0. 14-0.20 pentosans, 0. 16-0.90 lignin 
(e.g. 0.30 for a wheat straw). 

The technique of Van Soest and Wine aims to fractionate the cell wall and 
to obtain a fibre residue without contaminants such as proteins, through the 
combined activity of detergents (in a neutral and then an acidic environment). 
The method was developed initially for forages and has been subsequently 
modified by several authors in order to be used for ‘concentrates’ (raw 
materials and compound feeds used in non-ruminant feeding such as cereals 
and various by-products) (Van Soest et al., 1991), through the use of 
pre-extraction steps with proteolytic and amylolytic enzymes. The main 
advantage of this method is that three fibre residues are obtained (see Fig. 5.4) 
from which it is possible to evaluate the lignins (ADL), the cellulose 
(ADF-ADL) and the hemicelluloses (NDF-ADF). The main limitations of 
this method are that the CP content of the NDF fibre is highly variable (10-200 
g kg 1 for concentrates; NDF could also contain starch or residual pectins), the 
pectic substances are removed from the NDF residue, and the pre-treatment 
with enzymes is not totally standardized. Flowever, the Van Soest method is 
very widely used for animal feeds, because it gives a lignocellulose residue 
without the main contaminants found for crude fibre, and because this 
technique is relatively quick and simple and improves noticeably the 
fractionation of the CW. 

Considerable developments have occurred in fibre analysis methods 
during the last 10 years because of a redefinition of the term ‘dietary fibre’ for 
humans and non-ruminant animals to include lignin and NSP resistant to 
mammalian enzymes. New methods to replace NDF have been developed for 
measuring total dietary fibre (TDF) (Fig. 5.4), which corresponds to soluble 
and insoluble NSP (including pectins and (3-glucans) + lignins (Lee et al., 
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1992; Li, 1995). However, the methods have at present only been applied to 
human foods and remain to be validated for animal feeds. 

In conclusion, the determination of the fibre content of a compound feed 
(Table 5.1) or a raw material (Table 5.2) is highly variable, depending on the 
analytical method of estimation. The choice of which definition is to be used 
by the nutritionist thus depends on the type of information required (to relate 
to digestive processes, to predict the nutritive value). 

Physicochemical properties of fibre related to digestion 
Particle size 

As described below, part of the fibre requirements of rabbits are related to the 
effect of the large size fibre particles on the passage rate of digesta through 
the gut. 

Particle size can be measured by dry or wet sieving and varies largely 
depending on the fibre source. Table 5.3 shows the distribution of particles by 
size of several commercial sources of fibre. Part of this variation can be 
explained by differences in chemical composition, as cellulose tends to 
produce larger and thiner particles than lignin. For the six fibrous feeds 
presented in Table 5.3, the correlations between proportion of particles larger 
than 0.315 mm and the cellulose and lignin contents of NDF were +0.37 and 
-0.35, respectively. The low values obtained indicate that other factors are 
also involved. 

Fibre particle size is also modified during the feed manufacturing 
process (see Chapter 13). Particle size is reduced in successive millings, 
even with using sieves of the same diameter. In this way, Morisse (1982) 
by milling a feed one or three times with the same sieve size (4 mm) 
observed an increase in the proportion of fine particles (<0.25 mm) from 
0.308 to 0.738. 

On the other hand, fibre composition is not homogeneous among 
particles of different size within the same feed: the proportion of lignin tends 
to increase with particle size, because the force required to shear the fibre 
particles increases with lignification (Van Soest, 1994). 



Table 5.3. Proportional distribution of particles by size of some commercial sources of fibre 
(Garcia etal., 1996). 



Particle size 
(mm) 


Paprika 

meal 


Olive 

leaves 


Lucerne 

hay 


Soybean 

hulls 


Treated barley 
straw 


Sunflower 

husk 


<0.160 


0.8414 


0.5383 


0.5373 


0.2446 


0.2299 


0.0236 


0.160-0.315 


0.0906 


0.0834 


0.1774 


0.2240 


0.2340 


0.2384 


0.315-0.630 


0.0519 


0.0898 


0.1557 


0.2596 


0.2108 


0.3875 


0.630-1.250 


0.0160 


0.1942 


0.1086 


0.2351 


0.2161 


0.3055 


>1.250 


0.0000 


0.0942 


0.0209 


0.0367 


0.1090 


0.0449 
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Water-holding capacity 

Some cell wall constituents, such as (3-glucans, pentosans and pectins, are 
hydrophilic, tending to form gels in solution. On the other hand, hydration is 
negatively related to the size of the fibre particles (Van Soest, 1994). 

A high dietary content of fibre with a high water-holding capacity might 
slow transit time in the small intestine of rabbits, as occurs in poultry, and 
reduce the digestibility of other nutrients. It might also increase the weight of 
the stomach and caecal contents, which would reduce carcass yield and 
negatively affect feed intake. 



Buffering capacity 

The cation exchange capacity of fibre is dependent on its concentration of 
carboxyl, amino and hydroxyl groups (Van Soest et al., 1991). Accordingly, 
buffering capacity is high in feeds containing pectins (e.g. 70 mEq 100 g 1 for 
beet pulp) and is also significantly higher in legumes than in grasses (50 vs. 
13 mEq 100 g -1 ). 

The type of fibre would then interact with the acidity of caecal contents, 
although little is currently known about this effect in rabbits. 



Degradation of dietary fibre in the rabbit gut 

Precaecal digestion of fibre 

Traditionally, fermentation of dietary fibre has been considered to be a 
post-ileal activity of the endogenous microflora. However, there is increasing 
evidence that some components of structural carbohydrates disappear or are 
degraded prior to entering the caecum of rabbits. This has also been observed 
in other non-ruminant species such as pigs and poultry. 

The extent of precaecal fibre digestion in rabbits varies from 0.07 to 0. 19 
for crude fibre (Yu et al., 1987), from 0.05 to 0.43 for NDF (Gidenne and 
Ruckebush. 1989; Merino and Carabano, 1992) and from 0 to 0.17 for NSP 
(Gidenne, 1992). In the latter study, arabinose and uronic acids, typical 
monomers of pectic substances, were largely digested before the ileum (from 
0.2 to 0.4). These results imply that from 0.2 to 0.8 of total digestible fibre 
(including water-soluble NSP) is degraded before the caecum. 

The presence of microbial hydrocarbonases in the stomach and in the 
small intestine of rabbits, especially pectinases and xylanases (Marounek et 
al., 1995), could partially explain these results. However, it is important to 
note that partial fibre digestion in the ileum could be important. Using a 
technique of in vitro simulation of the precaecal digestion on 27 complete 
rabbit diets (the samples were treated with a solution of pepsin-hydrochloric 
acid and then with a solution containing pancreatic enzymes), Ramos (1995) 
observed an average NDF disappearance of 0.11, with values ranging from 
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0 to 0.255. This suggests that some components of fibre could be solubilized, 
filtered and then be considered as digested, analytical errors which could lead 
to overestimation of the actual fibre digestion in the ileum. 

Caecal digestion of fibre 

Fibre degradation is ultimately determined by microbial activity, digesta 
retention time in the caecum and by fibre chemical composition. 

Microbial activity 

The caecum is the major organ where microbial activity takes place in rabbits. 
As was mentioned in Chapter 1, the caecal microbial population secretes 
enzymes capable of hydrolysing the main components of dietary fibre. Greater 
enzymatic activity for degrading pectins and hemicellulose than for degrading 
cellulose has been detected in several studies (Jehl et al., 1995; Marounek et 
al., 1995). These results parallel those for faecal digestibility of the corre- 
sponding dietary fibre constituents in rabbits (Gidenne, 1996), and are also 
consistent with the smaller counts of cellulolytic bacteria in the rabbit caecum 
compared with xylanolytic or pectinolytic bacteria (Boulahrouf et al., 1991). 

Fermentation time 

The retention time of digesta in the caecum can be estimated from the 
difference in ileo-rectal mean retention time (i-r MRT, h) and minimal transit 
time (TTm, h) obtained using ileally cannulated animals. The latter value is 
relatively constant with a range from 3.5 to 4.5 h, averaging 3.7 h (Gidenne, 
1994; Garcia, 1997). Several studies (Gidenne et al., 1991b; Gidenne and 
Perez, 1993; Gidenne, 1994; Garcia, 1997) have measured the i-r MRT for diets 
based on lucerne hay, wheat bran and fibrous by-products. The results show this 
trait was linear and negatively correlated with dietary NDF content, which 
varied from 220 to 470 g kg -1 (DM basis). The regression equation obtained 
was: 



i-r MRT = 26.5(±4.9) - 0.0368(10.015) NDF (DM); 

R 2 = 0.35; n= 13; P = 0.03. 

According to this equation, the i-r MRT of an average rabbit diet 
containing 360 g NDF kg -1 diet DM would be 13.2. The time of fermentation 
(i.e. retention in the caecum and proximal colon) could be estimated as 9.5 h 
(13.2-3.7). 

Ileo-rectal MRT is also related to the weight of the caecal contents (CCW 
as a proportion of body weight; P = 0.04), according to studies where both 
traits were determined (Gidenne, 1992; Garcia, 1997). CCW is easier to deter- 
mine than retention time, and the amount of information available in the 
literature is much larger. Some results are shown in Fig. 5.5, where CCW has 
been related to dietary NDF content. Sampling time significantly affects this 
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trait (see Chapter 1), so that only results obtained using the same 
methodology have been chosen. A stepwise regression analysis was 
undertaken by relating CCW to chemical composition and level of dietary 
fibre. The equation obtained was: 

CCW = 18.0 - 0.064 NDF + 0.000081 NDF 2 - 0.0028 ADL; 

(±2.1) (±0.12) (±0.0015) (±0.013) 

n = 40; R 2 = 0.52; P< 0.001 



This response shows that, when a wide range of level and sources of fibre 
is considered, dietary NDF content affects CCW quadratically. From this 
equation, it can be calculated that CCW would reach a minimal value for a 
dietary NDF content of 395 g kg 1 DM. The significant effect of the degree of 
lignification of NDF on CCW indicates an additional influence of source of 
fibre. Diets containing low lignified beet pulp or high lignified sunflower 
husk tended to give, respectively, higher and lower CCW values at the same 
NDF level. 

Another factor related to fermentation time is particle size. As was 
observed by Bjornhag (1972), the particle size of fibre influences the entry of 
digesta in the caecum. Also, Gidenne (1993) observed that particles smaller 
than 0.3 mm were retained for longer (10 h more, on average) than particles 
larger than 0.3 mm. 




150 200 250 300 350 400 450 500 550 600 

NDF (g kg 1 DM) 

• de Bias et at. (1986) + Carabano (1985) □ Carabarto el a/. (1989) 

X Fraga et at. (1991) ts Carabano efa/.(1 997) o Motta-Ferreira et al. (1996) 

■ Garcia et al. (1 992) ■ Garcia et al. (1 993) a Garcia et al. (1 995b) 

# Garcia et al. (1 996) 



Fig. 5.5. Effect of dietary NDF content on the weight of caecal contents. 
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Digestion rate 

Rate of fermentation of cell wall constituents is a primary factor influencing 
their digestion efficiency in rabbits, because of the relatively short mean 
retention time (about 10 h) within the fermentative region. 

Caecal microbial NDF degradation rate may be derived from in situ 
rumen measurements, as is shown in Fig. 5.6 for six fibrous feedstuffs used in 
rabbit diets. From these data, it can be concluded that the relative value of 
fibre is highly dependent on time of fermentation. For instance, paprika meal 
has a relatively high degradation rate at 10 h and low at 72 h, whereas the 
opposite occurs for NaOH-treated wheat straw. 

Cell wall composition is the main factor affecting degradation rate. 
Lignin and cutin are considered almost totally undegradable. Cellulose and 
hemicellulose are potentially degradable but cellulolytic bacteria require 
some time for attachment to the cell wall before the degradation starts. 
Furthermore, digestion is negatively related to lignin concentration. 
Moreover, because of the crystalline structure of cellulose more time is 
required to degrade this linear polymer. Pectins, (3-glucans, pentosans and 
galactosans are the components more easily fermented (see Table 5.4). 

Faecal NDF digestibility of several fibrous feedstuffs is presented in 
Table 5.5. The highest value (0.845) was obtained for beet pulp. Fibre in this 
feed is poorly lignified and would have a lengthy fermentation time in the 
caecum as it is not made up of long molecules. The lowest NDF digestibility 




• Alfalfa hay ♦Sunflower husks ♦Olive leaves 
v Wheat straw ♦Paprika meal ♦Soybean hulls 



Fig. 5.6. Effect of type of fibre on NDF disappearance in the rumen (Escalona et at., 1995). 
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Table 5.4. Mean apparent faecal digestibility coefficient of dietary fibre. 



Class of dietary fibre 


Mean 


Range 


Lignin (ADL) 


0.1-0.15 


-0.13 to +0.50 


Cellulose (ADF-ADL) 


0.15-0.18 


0.04-0.37 


Hemicellulose (NDF-ADF) 


0.25-0.35 


0.11-0.60 


Pectins (total uronic acids) 


0.70-0.76 


nd 


nd, not determined. 


Table 5.5. Neutral detergent fibre digestibility (NDFd) of several feedstuffs in rabbits. 


Feedstuff 


NDFd 


Reference 


Dehydrated lucerne 


0.15-0.18 


Gidenne etal. (1991) 


Dehydrated lucerne (n = 12) 


0.255-0.407 


Perez (1994) 


Lucerne hay (n = 6) 


0.175-0.276 


Garcia etal. (1995a, 1996) 


Beet pulp 


0.845 


Gidenne (1987) 


Paprika meal 


0.351 


Garcia et at. (1996) 


Soybean hulls 


0.282 


Garcia et al. (1996) 


Sunflower husk 


0.100 


Garcia et al. (1996) 


Barley straw NaOH-treated 


0.167 


Garcia et al. (1996) 



(0.10) has been found for sunflower husk, a highly lignified (210 g kg~') 
source of fibre with a low proportion (0.262) of fine particles (<0.315 mm). 
Similar NDF digestibilities were observed for paprika meal and soybean 
hulls. The lower lignin content in the former (150 vs. 210 g kg -1 , respectively) 
was compensated for by its lower proportion of fine particles (0.932 vs. 
0.469, respectively) and by a shorter fermentation time. 

Fibre digestibility is not significantly affected by the dietary level of fibre. 
In fact, it may be concluded that the quantity of fibre entering the caecum is not 
a limiting factor for the fermentation processes, as the digesta retention time in 
the caecum is relatively short, allowing, predominantly, degradation of the 
more easily digestible fibre fractions such as pectins or hemicelluloses. 
Moreover, as indicated above, the retention time in the caecum increased 
proportionally to the reduction of the fibre intake, and could then compensate 
for an eventual limitation of the quantity of fibre entering the caecum. Overall, 
transit in the proximal part of the tract is regulated according to the fibre intake. 
An increase in fibre intake stimulates transit and thus increases the rate of 
passage in the overall tract, while the retention time is slightly prolonged in the 
stomach and slightly shortened in the small intestine. 

Fermentation pattern 

Volatile fatty acids (VFA). These are the main products of carbohydrate 
microbial fermentation. Consequently, their concentration in the fermentative 
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areas can be used as an indirect estimation of microbial activity. VFA are 
rapidly absorbed in the hindgut and provide a regular source of energy for the 
rabbit. Butyrate seems to be a preferential source of energy for the hindgut, 
whereas acetate is mainly metabolized in the liver for lipogenesis and 
cholesterogenesis (Vernay, 1987). Furthermore. VFA have been suggested as 
being a stimulative factor of colon mucosal growth (Chiou et al., 1994). 
Although VFA have been proposed as a protective factor against pathogen 
microflora ( Escherichia coli ) infections (Prohaszka, 1980; Wallace et al., 
1989), recent work (Padilha et al., 1996) has demonstrated a lack of 
relationship between these two parameters. 

Carbohydrate uptake by intestinal flora includes most of the cell wall 
constituents, besides starch not digested in the small intestine, and endogenous 
mucopolysaccharides. Additionally, protein residues of ileal digesta (undigest- 
ed dietary protein, mucosal-cell protein, enzymes) can be utilized (after 
deamination) as an energy source for the microbial population. The relative 
contribution of these sources to total caecal VFA production is unknown. 

Some studies (Fraga et al., 1984; Garcia et al., 1995b, 1996; Motta- 
Ferreira et al., 1996; Carabano et al., 1997) have determined the composition 
of caecal contents using different diets and the same methodology. Caecal 
VFA concentration averaged 57.2 mmol l -1 , and ranged from 31.8 to 
88.5 mmol P 1 . It tended (P = 0.09) to increase linearly with dietary NDF 
digestible content by 1.42 mmol 1 _1 per each 10 g unit increment. Conse- 
quently, source of fibre affected VFA concentration, as poorly digested highly 
lignified sources of fibre (grape pomace, wheat straw, sunflower hulls) 
produced the lowest VFA concentration (Carabano et al., 1988; Garcia et al., 
1996; Motta-Ferreia et al., 1996). Chiou et al. (1994), using isolated com- 
ponents of dietary fibre (cellulose, pectins and lignin) and lucerne hay, also 
observed a negative effect of lignin on this trait. Furthermore, the intercept of 
this relationship (43.9 ± 8.2 mmol 1 _1 ) indicates that NDF fermentation only 
accounts for around 0.25 of the average total VFA concentration. The 
remainder would be produced from pectins (not included in NDF) and water- 
soluble DF|, and also from endogenous materials and/or other dietary 
components. In this way, Vernay and Raynaud (1975) observed a caecal VFA 
concentration of 17.8 mmol P 1 in fasted rabbits, suggesting that a significant 
amount of endogenous materials can be fermented in the caecum. 

The caecal VFA profile is specific to the rabbit, with a predominance of 
acetate (C2 = 60-80 mmol 100 ml -1 ) followed by butyrate (C4 = 8-20 mmol 
100 ml -1 ) and then by propionate (C3 = 3-10 mmol 100 ml -1 ). These molar 
proportions are affected by fibre level. For instance, the proportion of 
butyrate generally increases significantly when fibre level decreases. 

Caecal pH. This is frequently determined in digestion studies as it gives an 
estimation of the extent of the fermentation, and because of its possible 
negative relationship with diarrhoea incidence and health status of the rabbits. 
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However, its relationship with the extent of the fibre degradation is not clear. 
Previous work (Pote et al., 1980; Champe and Maurice, 1983; Gidenne et al., 
1991a; Garcia et al., 1995b) has shown that, when lucerne hay is used as the 
main source of fibre, neither type of lucerne hay nor dietary fibre 
concentration has an effect on caecal pH. In other studies caecal pH was 
modified significantly by varying both type and level of fibre (Fig. 5.7). In 
this way, the inclusion of increasing amounts of wheat straw and lucerne hay 
to replace both barley grain and wheat bran increased caecal pH (de Bias et 
al., 1986). The same effect was obtained when wheat straw, lucerne hay and 
wheat bran replaced wheat grain (Bellier and Gidenne, 1996). On the other 
hand, the substitution of sugar-beet pulp for barley grain or lucerne hay 
increased acidity of caecal contents (Garcia et al., 1992, 1993; Carabano et 
al., 1997). In conclusion, level of fibre can increase or decrease caecal pH 
depending on the source of fibre used. 

The effect of type of fibre on caecal pH has been investigated in several 
studies, indicating that inclusion of large-sized, low-pectin fibre from wheat 
straw would tend to increase caecal pH, whereas the opposite would occur 
when including beet pulp in the diet. Finally, the use of balanced sources of 
fibre, such as lucerne hay, would not modify caecal acidity. These results agree 
with a recent study (Garcia et al., 1996) using six semipurified diets based on 
fibrous feedstuffs differing both in chemical and physical characteristics. In this 
study, caecal pH was mainly explained by the uronic acid concentration of the 




NDF (g kg 1 DM) 



♦ de Bias et al. (1986) +Bellier and Gidenne (1996) ^Carabano et al. (1997) 
■ Garcia etal.( 1 992) > Garcia et al. (1 993) 



Fig. 5.7. Effect of dietary NDF content on caecal pH. 
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feed and by the proportion of fine particles (<0.3 15 mm) ( R 2 = 0.53; P < 0.001 ; 
n = 58). Both variables were negatively correlated with pH. 

From a chemical point of view, caecal pH would be expected to be related 
to the main sources of H + and OH , AGV and N-NH 3 , respectively. However, 
a poor or no relationship has been found between these variables (Bellier, 
1994; Garcia et al., 1996). This could be due to the presence of buffer 
substances in the caecum from endogenous or feed origin, which would also 
explain the stability of caecal pH among animals fed different diets. 



Effect of fibre level on rabbit digestion 

When the fibre level increases, the feed digestibility normally decreases. This 
effect depends on the fibre fraction added in the feed. As an example, one unit 
of lignocellulose addition led to a -1.2 to -1.5 point decrease in organic 
matter digestibility (OMD). Thus, lignocellulose is considered to have a 
negative effect on feed digestion in the rabbit, while NDF level (which 
includes hemicelluloses, a more digestible fraction) only had a dilution effect 
on OMD (one point decrease in OMD per 10 g unit increment in NDF). In this 
way, the inclusion of purified lignin in the diet by the substitution of lucerne 
hay produced a reduction in villi height either in the jejunum or in the ileum 
(Chiou et al., 1994), that could impair both enzymatic activity and nutrient 
absortion. Furthermore, the inclusion of lignified sources of fibre (sunflower 
hulls, olive leaves and paprika meal) elicited a reduction of saccharase 
activity in the ileum compared with diets based on lucerne, soybean hulls or 
NaOH-treated straw (1070 vs. 1560 mmol glucose g 1 protein, respectively) 
(Garcia et al., unpublished). Other lignified sources of fibre, such as grape 
by-products, contained in the lignin fraction (ADL) and phenolic compounds, 
such as tannins, decrease protein utilization in the ileum (Merino and 
Carabano, 1992). 
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Units for feed evaluation 

Energy 

The most commonly used unit for expressing energy value in rabbit diets is 
digestible energy (DE). However, the use of DE leads to some systematic 
errors in feed evaluation, especially for certain groups of ingredients. 

For instance, DE overestimates the energy content of protein concen- 
trates, as it does not take into account either the higher energy losses in urine, 
or the energy cost of urea synthesis in the liver associated with the use of an 
excess of this type of ingredient in the diet. Similarly, the DE content of 
feedstuffs containing significant amounts of digestible fibre, e.g. beet or 
citrus pulps or soybean hulls, also overvalues their relative energy concentra- 
tion, as the use of DE does not consider the energy losses (methane and heat 
of fermentation) linked to the microbial digestion of fibre in the caecum. On 
the other hand, the relative energy content of fats and feeds with a high fat 
content is underestimated by DE. because dietary fatty acids are retained in 
the body more efficiently than other nutrients. 

These disadvantages explain the current interest in replacing DE by 
metabolizable (ME) or net energy (NE). However, most of the information 
available at present has been obtained as DE. As a consequence, DE should be 
retained as the unit of expression of the energy value of feedstuffs in rabbits 
for the foreseeable future. However, some important points should be taken 
into account in order to minimize errors. 

Thus, to prevent the use of protein concentrates as energy sources, a 
maximum protein content of compound feeds should be established. This 
restriction is also required to control the incidence of diarrhoea (de Bias et al., 
1981) and to reduce environmental pollution by animal excreta (Maertens 
and Luzi, 1996). An alternative is to use ME corrected to N equilibrium 
(MEn), as in poultry nutrition, instead of DE. Values of MEn can be derived 
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for each ingredient by subtracting 4.8 kJ g -1 digestible protein from its DE 
content (Maertens, 1992). 

Digestible fibre and fat content of compound feeds should also be 
limited, to allow for a maximal energy intake (Garcia et al., 1993) and for 
technological reasons (rabbit feed must be pelleted), respectively. These 
restrictions limit the errors associated with the use of DE to less than 5% in 
extreme practical diets (de Bias et al., 1985; Ortiz et al., 1989; de Bias and 
Carabano, 1996; Fernandez and Fraga, 1996). In any case, the use of 
correction factors (-2.51 and +5.85 kJ DE kg -1 ) for ingredients or diets 
containing a high proportion of digestible neutral detergent fibre (NDF) and 
ether extract (EE), respectively, might be envisaged. 

Protein and amino acids 

The use of crude protein (CP) and amino acids to formulate diets for rabbits is 
still very common. However, protein digestibility varies from 0.15 (grape 
pomace) to 0.85 (soybean meal), according to the review of Santoma et al. 
(1989). Furthermore, recent work has shown large variations in essential 
amino acid digestibilities for lucerne hays harvested at different stages of 
maturity (Garcia et al., 1995), or between the average lysine digestibility in a 
basal diet and that of L-lysine (Taboada et al., 1994). A similar situation has 
been described for D,L-methionine (Taboada et al., 1996) and L-threonine (de 
Bias et al, 1996). 

These results indicate that the use of digestible, instead of crude, units for 
expressing protein value would considerably improve the accuracy of feed 
evaluation. However, more information is needed on amino acid digestibility 
of the most commonly used ingredients. 

Fibre 

Fibre is one of the main components of rabbit diets, which usually contain 
300-380 g of NDF kg -1 . Diets must supply a minimum of fibre to allow 
adequate digestive transit and to prevent incidence of diarrhoea. Accordingly, 
present feeding standards (e.g. de Bias et al., 1986; INRA, 1989; Maertens, 
1992) include a minimum content of crude or acid detergent fibre (ADF). 
They also include a minimum content of indigestible crude fibre (CF), as 
low-lignified highly digestible sources of fibre might lead to a longer 
retention time and to a decrease in performance. However, recent studies have 
shown that substitution of lucerne hay by beet pulp in isofibrous diets does 
not affect either rate of passage in the whole digestive tract (Gidenne et al., 
1987; Fraga et al., 1991) or performance in the fattening period (Motta, 
1990). Other work (Bjornhag, 1972; Gidenne, 1993) has shown that particle 
size is a main factor affecting rate of passage. According to these authors, the 
most effective fibre fraction in terms of promoting transit time is that longer 
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than 0.3 mm. In this respect, Fraga et al. (1991) observed a relatively long 
retention time for rice hulls. This feedstuff is characterized by a very low fibre 
digestibility, but also by a small particle size. Consequently, it could be 
envisaged that future recommendations might include two minimal values, 
one for total and the other for long fibre, as occurs in dairy cows. 



Methodology of feed evaluation 

Complete diets 

The nutritive value of complete diets is usually determined by digestibility 
assays. The standardization of the procedures used in these assays is the first 
step in reducing the variability of the results. In this way, a European 
reference method for in vivo determination of diet digestibility in rabbits has 
been proposed by the European Group on Rabbit Nutrition (Perez et al., 
1995a). The most relevant variables to control in a digestibility assay are the 
length of experimental period and the number of animals used. The 
recommended values are at least 7 days of adaptation period and 4 days of 
collection period (which imply 5 days of control) using ten rabbits per 
treatment. No advantage in accuracy was found by Perez et al. (1996a) 
when increasing the adaptation period from 7 to 14 days. The number of 
replicates can be decreased when the length of the collection period 
increases. Villamide and Ramos (1994) found the same variability for DM 
digestibility using ten rabbits and 4 days, eight rabbits and 7 days or seven 
rabbits and 10 days of collection period. Similarly, Lebas et al. (1994) 
obtained the same accuracy in digestibility determinations with ten cages of 
one rabbit or with four cages of four rabbits each, although in the latter case 
there is a greater risk of missing data if any of the animals of the group have 
health problems. 

Other sources of variation in digestibility assays are rabbit breed, sex, 
litter, age and physiological state. However, no differences have been found 
for meat breeds of rabbit of the same size (Maertens and De Groote, 1982; 
Dessimoni, 1984). Furthermore, because of the low sexual dimorphism of 
this species, the effect of sex is not relevant (Xiccato et al., 1992; Perez et al., 
1995b) and, for examining the possible effect of litter, rabbits of the same 
litter should be distributed evenly across the treatments. 

Digestibility measurements are usually performed with growing rabbits, 
but the effect of age during this period, and the validity of the extrapolation of 
the result obtained with young animals to reproductive females is not clear. It 
seems that the effect of age on energy and protein digestibility from 7 weeks 
to slaughter is limited (Maertens and De Groote, 1982; Xiccato and Cinetto, 
1988). However, as the caecal content weight increases during the first weeks 
after weaning (by 70% from 30 to 40 days of age; Peeters et al, 1992), a 
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significant part of the ingested feed remains in the digestive tract, leading to 
an overestimation of the digestibility in young rabbits (Bias et al., 1991; 
Fernandez et al., 1994). On the other hand, comparisons between digestibility 
of growing rabbits and breeding does are contradictory. Maertens and De 
Groote (1982) and Perez et al. (1996b) found higher digestibility values in 
growing rabbits than in breeding does, whereas Xiccato et al. (1992) obtained 
higher digestibility of fibrous fractions but lower values for ether extract for 
growing rabbits and no differences in other components, and de Bias et al. 
(1996) found a higher digestibility in breeding does, especially for NDF. 

Digestibility determinations in rabbits have a higher variability than in 
other non-ruminant species. The average coefficient of variation (CV) for DE 
estimations are 2.8, 1.9 and 1.7% in rabbit, pigs and for AMEn in poultry, 
respectively (Villamide, 1996). The accuracy also depends on the component 
studied. In a recent inter-laboratory study (Perez et al., 1995b) the 
repeatability (standard deviation within laboratories) of energy, CP and NDF 
digestibility was 0.017, 0.031 and 0.027, respectively. However a very good 
reproducibility (standard deviation among laboratories) was obtained in this 
study, when all the laboratories used the reference method (0.009, 0.019 and 
0.057 for energy, CP and NDF digestibility, respectively). Thus, the lowest 
CV in digestibility assays corresponds to energy (2.8%) and the highest to the 
fibrous fractions (from 21.3 to 33.8% for NDF and ADF. respectively). 

Feedstuffs 

The nutritive value of feedstuffs can be determined directly or can be 
estimated using the substitution method. Some relatively balanced and 
palatable feedstuffs, like lucerne hay and wheat bran, can be evaluated 
directly, thus using these feedstuffs as sole feeds in a digestibility assay. 
Maertens and De Groote (1981) did not find differences between lucerne hay 
evaluated by substitution (0.2, 0.4 and 0.6 substitution) or directly. Recently, 
Garcia et al. (1995) determined energy, NDF. CP and amino acid digestibility 
of five samples of lucerne hay using the direct method and obtained a good 
accuracy (mean CV 2.1, 1.3, 4.9, 2.7 and 2.7% for energy, CP, NDF. lysine 
and methionine digestibility, respectively). 

Most of the feedstuffs are not nutritionally balanced in relation to the 
requirements of rabbits and, when they are fed as a sole diet, the digestive 
process can be different from that in normal diets. This problem is partially 
corrected using the substitution method, where a basal diet of known nutritive 
value is substituted by the test feedstuff. The evaluation of the feedstuff is 
undertaken by difference. The correct use of this method implies that there is 
no interaction between the basal diet and the test ingredient. Therefore, both 
the substitution rate of the test ingredient and the basal diet should be 
designed to prevent interactions and to obtain accurate estimates of its 
nutritive value, taking into account that the higher the substitution rate the 
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lower the error (Fig. 6.1) but also the greater the probability of interaction 
between the test ingredient and the basal diet. 

An increase in substitution rate from 0. 15 to 1 leads to a linear increase (P 
= 0.008) in the estimation of the DE of sugar beet pulp from 10.5 to 14.5 MJ 
kg~‘ DM (Fig. 6.2). This effect might be related to a longer retention time of 
digesta in the caecum of diets with high levels of soluble fibre (de Bias and 
Carabano, 1996). An effect of basal diet was also detected for citrus and sugar 
beet pulps (Table 6.1). Nutritive values of both feedstuffs were significantly 
lower when they were estimated from the lowest energy basal diet, probably 
because the high levels of indigestible fibre in this diet produced a lower entry 
rate of the potentially digestible fibre of pulps into the caecum. 

The opposite effect occurs when high subtitution rates (>0.2) of 
feedstuffs with high levels of indigestible fibre are evaluated. The use of basal 
diets with a high proportion of wheat straw leads to an underestimation of the 
test feedstuff (Villamide et al., 1991). Another dietary interaction has been 
observed with fats. Maertens et al. (1986) obtained higher DE values for 
tallow at 0.06 than at 0.12 substitution. Similarly, Santoma et al. (1987) and 
Fraga et al. (1989) found an increase in the digestibility coefficient of 0.058 
of all nutrients when 30-60 g fat was added to the diets. 

When interactions between feedstuffs are expected, or low rates of inclusion 
(<0.2) have to be used (because of technological or nutritional problems), 
substitution of the basal diet at several rates is recommended (Villamide, 1996). 
The linearity between the dietary nutritive value and the substitution rate is 
analysed and, if it is established, estimation of the nutritive value of the test 
feedstuff is undertaken by regression and extrapolation to total substitution. 
When the relation is non-linear, a nutritive value of the test feedstuff can be 




Substitution rate 



Fig. 6.1. Effect of substitution rate on the standard deviation (SD) of the estimated nutritive value 
of ingredients in relation to the standard deviation of complete diets (Villamide, 1996). 
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Level of inclusion of SBP (g kg ') 

■ Martmez and Fernandez (1980) + Maertens and De Groote (1984) ■ Fekete and Gippert (1986) 
X De Bias and Villamide (1990) ♦ Garcia etal. (1992) A Garcia et al. (1993) 

X Motta (1990) 



Fig. 6.2. Effect of level of inclusion of sugar beet pulp in the experimental diets on DE estimations 
(de Bias and Carabano, 1996). 

Table 6.1. Effect of type of basal diet on the nutritive value of citrus and beet pulps (de Bias and 
Villamide, 1990). 



Citrus pulp Beet pulp 



Basal diet DE (MJ kg- 1 DM) 


10.01 


12.32 


SE 


P 10.01 


12.32 


SE P 


Digestible energy (MJ kg -1 DM) 


11.27 


13.09 


0.73 


* 9.97 


12.37 


0.54 * 


Protein digestibility 


0.173 


0.885 


0.15 


* 0.178 


0.764 


0.07 * 


ADF digestibility 


0.677 


0.827 


0.04 


* 0.385 


0.717 


0.05 * 



'Significant at P<0.01. 



assigned for a recommended range of inclusion. Outside this range the nutritive 
value should be calculated from second or third degree equations. 

The above methodology has been extensively applied to energy value 
determinations, and can be used for protein evaluation of feedstuffs (at least, 
with medium content of CP), but the results obtained for fibre digestibility are 
erratic and highly variable. Maertens and De Groote (1984) evaluated 14 
feedstuffs and obtained three negative values of CF digestibility, one of them 
for soybean meal, while the highest CF digestibility (0.71) corresponded to 
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full-fat soybean. Likewise, soybean meal ADF digestibility determined at 
three substitution rates and with two different basal diets (Villamide et al., 
1991) varied from -0.14 to +0.51, although the values calculated by extra- 
polation of the regression equations were 0.38 and 0.32 for the two basal 
diets. In this study, the CV varied from 27 to 114%, with the average value 
being 50%. More repeatable and accurate values were determined for 
feedstuffs with high or medium fibre content. De Bias et al. (1989) found an 
ADF digestibility of wheat straw of 0.33 and 0.145 for substitution rates of 
0.2 and 0.4, respectively, and a mean CV for the estimation of 15%. Flowever, 
for this feedstuff the CP digestibility showed erratic values (from 0.42 to 
2.23). Similarly, Villamide et al. (1989) obtained a relatively good accuracy 
for ADF digestibility (0.096 ± 0.039; 0.277 ± 0.060; 0.583 ± 0.056) of wheat 
bran, corn gluten feed and distilled dried grains and solubles (DDGS), 
respectively. The reason for this discrepancy between fibre digestibility 
values and for their low accuracy is the high variability in fibre digestibility of 
complete diets. This problem also affects the evaluation of other components 
when they are present at very low concentrations (i.e. CP of wheat straw), but 
the influence of an incorrect evaluation of CP digestibility of these feedstuffs 
on overall dietary values is small. 

Another method of possible use in analysis of fibre digestibility is the 
utilization of semipurified diets where all the fibre comes from the test 
feedstuff. The results obtained with this method increase the precision of the 
estimates, although sometimes the results differ from those obtained using the 
substitution method (Garcia et al . , 1996). The question is whether these fibrous 
sources maintain their value when they are in combination with another kind of 
fibre or when they are included at lower levels in commercial diets. 

The effect of errors in DE determinations of experimental diets on the DE 
estimate of ingredients is shown in Table 6.2. Small differences in the 
nutritive value of experimental diets result in large differences 



Table 6.2. Error in the estimation of mean DE of an ingredient (12.55 MJ kg -1 DM, DE of basal diet 
11.3 MJ kg -1 ) when the variables were measured with ±1% error using substitution rates of 0.2 and 
0.4. Figures express % of error and the difference between the actual and measured DE of 
ingredient (kJ kg -1 DM) (Villamide, 1996). 



0.2 substitution rate 0.4 substitution rate 





% 


kJ kg~' 


% 


kJ kg- 1 


Error in basal diet 


DM intake or excreted, GE faeces 


2.25 


284 


0.85 


109 


GE basal diet 


5.85 


736 


2.20 


276 


Error in substituted diets 


DM intake or excreted, GE faeces 


2.73 


343 


1.35 


171 


GE test diets 


7.33 


920 


3.67 


460 



Table 6.3. Composition of some feeds commonly used for rabbits (data in g kg -1 on as-fed basis). 
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CPd, crude protein digestibility; DE, digestible energy; — , no analytical data available. 
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(proportionally to substitution rate) in nutritive value of the test feedstuff, so 
very careful determinations (large numbers of animals and replicates in the 
chemical analyses of diets) of the nutritive value of diets must be performed. 



Composition and nutritive value of feedstuffs for rabbits 

Table 6.3 shows the chemical composition and nutritive value of 47 feeds 
commonly used in rabbit nutrition. The data are expressed on an as-fed basis, 
with a common DM content for each group of feedstuffs, in view of practical 
utilization. Chemical composition includes DM, ash, CP, ether extract (EE), 
CF, NDF, ADF, acid detergent lignin (ADL), starch (ST), lysine (Lys), 
methionine (Met), methionine + cystine (SAA), threonine (Thr), tryptophan 
(Trp), calcium (Ca), phosphorus (P), sodium (Na), chlorine (Cl), magnesium 
(Mg) and potassium (K). The chemical composition is based mostly on the 
data of the INRA (1989), CVB (1994) and FEDNA (1997). 

The nutritive value is based on a literature compilation. The tables 
proposed by Maertens et al. (1990) were revised taking into account recently 
published experimental data (Villamide et al., 1991; Perez, 1994; Garcia et 
al., 1996, Fernandez-Carmona et al., 1996). However, for some feedstuffs 
the data concerning the CP digestibility (CPd) and DE were very divergent. 
The values proposed in Table 6.3 were retained after judging the 
methodology used and were considered as the most accurate at normal 
levels of dietary inclusion. They may be used for least cost diet formulation 
using linear programming. Digestibility data for CF and the cell wall 
constituents of feedstuffs are not presented because the reliability of the 
data was judged to be insufficient due to the methodology and the analytical 
procedures used. 
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Energy units and their measurement 

Energy is the potential ability to produce work and the joule (J) is the 
international unit used to measure all forms of energy. Since this unit is very 
small, the multiples kilojoules (1 kJ = 1000 J) and megajoules (1 MJ = 1000 kJ) 
are used much more widely in animal nutrition and feeding. 

Joules can easily be converted into other energy units (e.g. calories) by 
using appropriate conversion factors. The standard calorie (cal) is equivalent 
to the energy cost of increasing the temperature of 1 gram of distilled water by 
1°C (or more precisely, from 14.5 to 15.5°C). In practice, kilocalories (1 kcal 
= 1000 cal) and megacalories (1 Meal = 1000 kcal) are still very commonly 
used and converted into kJ and MJ by multiplying by 4.184. 

In the nutrition and feeding of rabbits, as in other species, the following 
energy parameters are used to express energy requirements and nutritive 
value of feeds: gross energy (GE), digestible energy (DE), metabolizable 
energy (ME), and net energy (NE) (Fig. 7.1). 

GE, or heat of combustion, is the quantity of chemical energy lost as heat 
when organic matter is completely oxidized, forming water and carbon 
dioxide. In food, the GE content depends on the organic matter chemical 
composition: the energy values of the single components are about 22-24 MJ 
kg -1 for crude protein, 38-39 MJ kg -1 for fats (ether extract), and 16-17 MJ 
kg~‘ for carbohydrates (fibre and starch). Therefore, the GE value depends 
essentially on the dietary fat concentration, because fat has more than twice 
the GE content of other constituents. However, the GE concentration in 
complete diets or raw materials does not provide any useful information on 
the availability and utilization of dietary energy by the animal and for this 
reason is not a relevant unit in the energy evaluation of feeds or animal energy 
requirements. 

DE can be measured in vivo , by subtracting from GE the quantity of 
energy recovered in the faeces (FE), in other words, the energy of undigested 
nutrients: 
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1.00 

Gross energy (GE) 



0.60- 0.65 GE 



Digestible energy (DE) 



0.57- 0.62 GE 

Metabolizable energy (ME) 



Faecal energy 



0.35-0.40 GE 

Net energy (NE) 



T 



Urine energy 



Heat losses 



Fig. 7.1. Energy utilization of feeds in rabbits (from Xiccato, 1989). 



DE = GE - FE. 

In compound feeds for rabbits, DE represents a portion that usually varies 
from 0.50 to 0.80 of the GE. The DE is a good estimation of the energy value 
of feeds, because the latter depends on nutrient digestibility and can be 
measured quite easily. The energy system in rabbits is currently based on DE, 
and a standardized method (Perez et al., 1995) capable of offering repeatable 
and reproducible measurements for the in vivo determination of dry matter 
(DM) digestibility (and consequently energy digestibility) has been recently 
proposed and adopted by the scientific community. 

ME is calculated from DE by subtracting the energy loss associated with 
urine (UE) and intestinal fermentation gases (GasE), primarily methane: 

ME = DE - (UE + GasE). 

In ruminants, GasE accounts for a significant proportion of DE, whereas 
in rabbits it is practically negligible, as are the heat losses from caecal 
fermentation (Gidenne, 1996). On the other hand, the energy loss associated 
with urine is substantial and depends on feed protein concentration 
(Maertens, 1992). Nitrogen losses increase (and consequently the energy 
associated with urea and other nitrogen catabolites) as dietary protein 
increases. The UE can be calculated from the quantity of N excreted daily in 
the urine (UN) (Parigi Bini and Cesselli. 1977): 

UE (kJ day- 1 ) = 51.76 UN (g day 1 ) - 3.01 r.s.d. = 3.93; r = 0.90. 

ME is undoubtedly more precise for estimation of energy requirement 
and feed energy evaluation because it is not affected by the energy losses due 
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to fermentative processes and the metabolic cost of protein utilization (Close, 
1990; Maertens et al., 1990). On the other hand, in practical feeding, UE 
losses are closely linked to the total intake of digestible protein (DP). For this 
reason, when common compound diets with 120-150 g DP kg 1 are fed to 
rabbits, the DE and ME are closely correlated and the ME is about 0.94-0.96 
of DE (Parigi Bini and Cesselli, 1977; Partridge et al., 1986b; Ortiz et al., 
1989; Santoma et al., 1989; Xiccato, 1989). A value of 0.5 as an average 
proportional UE loss in rabbits (ME = 0.95 DE) can be proposed. 

The NE is the proportion of GE that is actually utilized by the animal for 
maintenance and productive purposes. Therefore, the NE is the most precise 
estimate of feed energy value and energy requirements. The feed value in NE 
is related to specific energy utilization, i.e. NE for maintenance (NE m ), 
growth (NE g ), milk production ( NEp, and so on. The NE requirements in 
growing rabbits have been studied previously by Parigi Bini et al. (1974, 
1978). A number of equations estimating NE of compound feeds for rabbits 
have also been proposed: some based on contents of digestible nutrient 
(Jentsch et al., 1963) and others on organic matter digestibility (Parigi Bini 
and Dalle Rive, 1978). 

Even though the NE system is generally considered the most suitable 
method for estimating energy requirement and feed evaluation because it is 
related to the effective utilization of dietary energy, its experimental 
determination is extremely complicated and expensive. Therefore, the real 
choice is between DE and ME systems. 

ME is the system preferred for poultry, because birds excrete urine and 
faeces together. For rabbits, however, it is very difficult to collect and 
measure the urine energy values. As mentioned above, ME and DE values are 
highly correlated: in normal diets only a small amount of energy is lost in 
urine, and ME represents almost a constant fraction of DE (about 0.95 DE). 
For these reasons, DE values are still commonly used both in studies on 
energy metabolism and in practical rabbit feeding. 



Methods for estimating energy requirements 

Without going into details which are covered comprehensively in specialized 
energy metabolism texts (Blaxter, 1989; Webster, 1989; Close, 1990), the 
principal methods used for the measurement of energy requirements are as 
follows. 

1. Long-term feeding experiments, carried out to establish the feed needed to 
maintain constant live weight or, conversely, to measure the variations in live 
weight (or milk production or fetal growth) associated with a certain quantity 
of feed. This method necessitates the keeping of a large number of animals for 
long periods under conditions similar to those on farms. However, the method 
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does not provide any useful information on body composition changes which 
are very often found in rabbits during growth, lactation or pregnancy; 

2 . Calorimetric methods, which measure the heat lost by the animals. 
Measurement is direct (direct calorimetry) when calorimeters are used, and 
indirect (indirect calorimetry) when based on the gaseous exchanges 
determined in respiration chambers of various types (open or closed circuit). 
These methods allow the direct measurement of ME intake (MEI) and energy 
lost as heat (HE). The retained energy (RE) in either the body or the products 
(milk, fetal body, wool) is calculated by difference (RE = MEI - HE). 
Calorimetric methods require very complex and expensive equipment and 
can be utilized only on a few animals and in short-term experiments. 
Moreover, although the measurements obtained are highly accurate and 
repeatable on the same animal in time, they are hardly comparable to those 
obtained under practical rearing conditions. In addition, as in feeding 
experiments, calorimetric methods do not permit the identification of the 
origin of heat lost from different physiological functions (e.g. whether from 
feed digestion or body tissue utilization) or the partition of RE (e.g. energy 
retained in maternal or fetal body); 

3 . Comparative slaughter technique, which measures the variation of the 
energy contained in the body. Unlike calorimetric methods, this technique 
allows the direct measurement of MEI and RE, while HE is calculated by 
difference (HE = MEI - RE). This method constitutes the basis of the 
California net energy system developed for beef cattle (Lofgreen and Garrett, 
1968) and applied to rabbit nutrition by others (Parigi Bini et al., 1974, 1978, 
1990a, 1992; Parigi Bini and Xiccato, 1986; Partridge et al., 1989; Xiccato et 
al., 1992b, 1995; Fortune? al., 1993; Fortun, 1994; Nizza et al., 1995). Using 
this method, body energy change is measured by first analysing the empty 
body (EB = live body - gut content) of a reference group of animals (initial 
slaughter group). A second group is subjected to the feeding experiment and 
then the empty bodies of these animals are analysed (final slaughter group). 
The rabbits are given a diet with a DE (or ME) content measured 
experimentally. In growing rabbits, the RE is calculated by subtracting the 
body energy found in the final group from the body energy in the initial 
group, that is the RE g (RE for growth). Similarly, the energy excreted in the 
milk of lactating does (E mi i k ) and/or retained in the fetuses in pregnant does 
(REfetu S ) can be also measured during the entire lactation or pregnancy. The 
comparative slaughter technique is based on the assumption that the body 
composition of the initial slaughter group is very similar to the body 
composition of the final slaughter group at the beginning of the experiment. 
Moreover, the difference in body composition at the beginning and the end of 
experiment is a good estimate of RE only if the animals in the initial and the 
final groups are homogeneous, their number is relatively high and the length 
of experiment is long enough (e.g. a complete growing period or an entire 
pregnancy or lactation) (Close, 1990). As described below, comparative 
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slaughter permits the estimation of the variation in chemical composition in 
the EB and therefore allows the partition of RE between the energy retained 
(or lost) as protein (RE P ) and fat (RE f ); 

4 . Non-destructive methods for measurement of body composition, allows 
measurement of the variation of body composition and then body RE without 
slaughter. Several methods have been proposed for rabbits, including dilution 
methods, nuclear magnetic resonance (NMR), computerized tomography 
(CT), total body electrical conductivity (Tobec) (see the review of Fekete, 
1992). These methods often need very expensive equipment and their 
efficacy is not completely proven. 



Energy metabolism and requirements 

Several factors influence energy metabolism and consequently the energy 
requirements in rabbits. The most important are: 

• body size, which depends on breed, age, sex; 

• vital and productive functions, such as maintenance, growth, lactation, 
pregnancy; 

• environment, i.e. temperature, humidity, air speed. 

Only those aspects of energy metabolism related to vital and productive 
functions will be described here. 

Voluntary feed and energy intake 

The energy requirements for rabbits are usually listed as a proportion of the 
diet (i.e. in terms of MJ kg~' of feed). Additional information that might 
provide a more precise definition of energy requirements, such as the feed 
intake or quantitative/qualitative performance, is not frequently given. 

Animals in good health normally consume sufficient feed to meet their 
energy requirements. This is particularly true for growing rabbits, whereas 
reproducing does often demonstrate an energy deficit due to the high energy 
requirements for pregnancy, lactation or both activities that are not covered 
by adequate voluntary intake. 

Appetite regulation in rabbits is mostly controlled by chemostatic 
mechanisms, which explains why the total quantity of energy ingested daily 
tends to be constant. Voluntary intake is proportional to metabolic live weight 
(LW 0 - 75 ). In growing rabbits, voluntary intake is about 900-1000 kJ DE 
day -1 kg 1 LW 075 and the chemostatic regulation appears only with a DE 
concentration of the diet higher than 9-9.5 MJ kg 1 (Lebas et al., 1984; 
Partridge, 1986; Cheeke, 1987; Parigi Bini, 1988; Lebas, 1989; Santoma et 
al., 1989), below which level a physical-type regulation is prevalent and 
linked to gut fill (Fig. 7.2). Less is known about the voluntary intake of 
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Fig. 7.2. Influence of dietary DE concentration on the voluntary food and energy intake in rabbits 
(from Xiccato, 1993). 

reproducing females, where the energy consumption (in terms of metabolic 
weight) is lower in growing rabbits than in lactating females, which can 
consume 1100-1300 kJ DE day -1 kg -1 LW 0 75 , with the lowest value recorded 
by primiparous females (Maertens and De Groote, 1988; Lebas, 1989; Parigi 
Bini et al., 1990b, 1992; Xiccato et al., 1992b, 1995). A second factor, which 
differentiates between voluntary intake of reproducing does in comparison 
with growing rabbits, is the energetic limit of chemostatic regulation. Some 
research has demonstrated that an increase in DE concentration over the 
normal values of 10-10.5 MJ kg 1 permits a further increase in the daily 
energy intake of the lactating females (Maertens and De Groote, 1988; Fraga 
et al., 1989; Castellini and Battaglini, 1991; Xiccato et al., 1995). In these 
animals, the regulating limit probably varies between 10.5 and 11 MJ kgA 
This limit also depends on the dietary energy source and tends to be higher in 
added-fat diets than in high-starch diets (Fraga et al., 1989; Castellini and 
Battaglini, 1991; Xiccato et al., 1995). 

Energy for maintenance and efficiency of energy utilization 

By varying the quantity of DE or ME intake (e.g. feeding low-energy diets or 
in restricted quantities), it is possible to modify both the quantity of RE in the 
bodies of growing rabbits (Fig. 7.3) and the quantity of energy excreted in the 
milk or the quantity of energy retained in the fetal body. 

The MEI promoting maintenance of energy equilibrium in the body (RE 
= 0) is called ME requirement for maintenance (ME m ). The slope of regres- 
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Fig. 7.3. Variation of RE g as a function of ME intake (MEI). 

sion of RE on MEI (ARE/AMEI) is defined as the efficiency of utilization of 
ME and commonly indicated by the letter k. When MEI is below the 
maintenance level (MEI < ME m ), RE becomes negative or, in other words, the 
body loses energy, with a specific slope on MEI ( k for maintenance, k m ). When 
MEI is above the maintenance level (MEI > ME m ), RE is positive, or rather the 
body gains energy with a specific efficiency ( k for growth, k s ). The efficiency of 
energy utilization for growth is lower than that for maintenance (k t , < k m ). 

When the energy system is based on DE. RE can be related to DE intake 
(DEI) instead of MEI. In different studies on rabbit energy metabolism, the 
efficiencies of utilization of DEI for maintenance, growth, lactation or 
pregnancy (ARE/ADEI) have been estimated instead of the k coefficients 
relating to MEI (de Bias etal., 1985; Parigi Bini and Xiccato, 1986; Partridge 
et al., 1989; Xiccato et al., 1995). Assuming a constant ratio ME = 0.95 DE, 
the efficiency of DEI utilization can be easily transformed into k values by 
dividing by 0.95. For example, using data from de Bias et al. (1985): 

k g = ARE„/ADEI / 0.95 = 0.53/0.95 = 0.56. 



Etiergy requirements for maintenance 

In rabbits, as in all animals, energy losses for maintenance (basal metabolism 
and voluntary activity) are related to metabolic weight and physiological 
state. 

As reviewed by Parigi Bini (1988) and Lebas (1989), different estimates 
of DE requirements for the maintenance (DE m ) of growing rabbits have been 
found, varying from 381 kJ day 1 kg LW 075 in New Zealand White rabbits 
(Partridge et al., 1989) to 552 kJ DE day -1 kg -1 LW 075 in Giant Spanish 
growing rabbits (de Bias et al., 1985). Such a wide range can be attributed to 
both the breeds, characterized by highly contrasting daily gain and body 
composition, and to the methodology used (calorimetric methods usually 
give lower DE m than comparative slaughter). Table 7.1 shows a review of 
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Table 7.1. Energy requirements for maintenance of energy equilibrium (RE = 0) in New Zealand 
White or hybrid growing rabbits. 



Authors 


DE m 

(kJ day' kg - ’ LW 0 75 ) 


ME m a 

(kJ day -1 kg - ’ LW 0 75 ) 


Isar (1981) 


470 


446 


Scheele eta/. (1985) (at 17°C) 


413 


392 


Parigi Bini and Xiccato (1986) b 


425-454 


404-431 


Partridge etal. (1989) 


381 


362 


Nizza etal. (1995) 


441-454 


419-432 


Average 


431 


409 



“Calculated from DE m by assuming ME = 0.95 DE. 

b Recalculated values from original data expressed on metabolic empty body weight (EBW 0 75 ). 



studies based on growing New Zealand White pure -bred or hybrid rabbits. An 
average DE nl of 430 kJ DE day 1 kg 1 LW° 75 might be proposed, a value that is 
slightly higher than the requirement proposed by Lebas (1989) (400 kJ DE 
day -1 kg -1 LW 0 - 75 ). 

Another important factor to be considered is the difference between the 
requirement for the maintenance of energy equilibrium (RE = 0) and the 
maintenance of live body weight (live weight gain, LWG = 0). Parigi Bini and 
Xiccato (1986) observed a DE ra of 425 kJ DE day 1 kg LW 0 75 at RE = 0 and 
only of 273 kJ DE day 1 kg -1 LW 075 when LWG = 0. As shown in Table 7.3, 
when LWG = 0 the rabbit is in energy deficit, as a consequence of the loss of 
fat primarily compensated by water gain. Similar results were observed by de 
Bias et al. (1985) who estimated the DE m for LW maintenance to be 10% 
lower than the DE„, required for body energy equilibrium. 

In reproducing does, experimental estimates of DE m are often 
inconsistent (Table 7.2). In adult non-pregnant does, the DE m was found to be 
398 kJ day 1 kg -1 LW 075 by Parigi Bini et al. (1990a, 1991a), a value 
somewhat lower than the DE m measured in growing rabbits but higher than 
the estimate of Partridge et al. (1986b; 326 kJ day -1 kg 1 LW 0 75 ). 

In pregnant does, the estimated DE m ranged from 352 kJ day kg LW 0 - 75 
when measured by Partridge et al. (1986b) and 452 kJ day 1 kg LW 075 by 
Fraga et al. (1989), while Parigi Bini et al. (1990a, 1991a) gave intermediate 
requirements (43 1 kJ day 1 kg 1 LW 0 - 75 ). 

In lactating does, the DE m was estimated from 413 to 500 kJ day -1 kg -1 
LW 0 75 by Partridge et al. (1983, 1986b) and 473 kJ day 1 kg 1 LW 0 75 by Fraga 
et al. (1989). This considerable difference between the DE m in pregnant and 
lactating does can be ascribed to the fact that studies did not take into account 
any body energy change during lactation. Parigi Bini et al. (1991b, 1992) 
demonstrated that primiparous does are almost always in energy deficit and 
utilize body tissues (protein and especially fat) as a source of energy to 
compensate for the insufficient energy intake. These latter studies estimated a 
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Table 7.2. DE requirements for maintenance in rabbit does (kJ day 1 kg -1 LW 075 ). 



Author 


Non-lactating does 


Lactating does 


Non-pregnant 


Pregnant 


Non-pregnant 


Pregnant 


Partridge etal. (1983) 






413-446 




Partridge etal. (1986b) 


326 


352 


500 


Fraga etal. (1989) 




452 


473 


Parigi Bini etal. (1990a) 


398 


431 






Parigi Bini etal. (1991a) 






432 


468 


Xiccato et al. (1992b) 








470 


Lebas (1989) 


400 


460 


Maertens (1992) 


420 


460 


Xiccato (1996) 


400 


430 


430 


470 



DE m equal to 432 kJ day -1 kg 1 LW 0 75 in lactating does and 468 kJ day -1 kg 1 
LW 075 in concurrent pregnant and lactating does. Xiccato et al. (1992b) 
confirmed higher DE m in does submitted to an intensive remating system (470 
kJday-'kg-'LW 075 ). 

In a review, Lebas (1989) proposed a DE m equal to 400 and 460 kJ day 1 
kg 1 LW 075 for non-reproducing and lactating does, respectively. Xiccato 
(1996) proposed 400 kJ day -1 kg LW 075 for non-reproducing does, 430 kJ 
day -1 kg 1 LW 075 for pregnant or lactating does, and 460 kJ day 1 kg : LW 075 
for concurrent pregnant and lactating does. 

Energy requirements for growth 

Figure 7.4, taken from Partridge et al. (1989), shows the response in terms of 
daily gain and energy intake to the increase of diet DE concentration when the 
DP to DE ratio is maintained constant and protein contains the major amino 
acids in satisfactory equilibrium. This typical growth-response curve shows 
that the maximum average daily growth is achieved when the dietary DE con- 
centration is between 1 1 and 1 1.5 MJ kg 1 DM or 10 and 10.5 MJ kg 1 as fed. 

An increase in the level of dietary energy intake can also affect 
composition of body gain and the partition of energy retained as protein and 
fat. The body composition changes are not linearly correlated with DEI, 
because some constituents (e.g. fat) tend to increase more than proportionally. 
In five comparative slaughter experiments involving 180 growing New 
Zealand White rabbits, Parigi Bini and Xiccato (1986) derived quadratic 
regression equations which estimated the daily gains (g day -1 kg LW 075 ) of 
empty body (EBG), water (WG), protein (WG), fat (PG) and ash (AG) from 
DEI (MJ day- 1 kg- 1 LW 077 ): 



EBG = - 12.61 + 48.50 DEI - 8.15 DEI 2 
WG = - 6.52 + 33.59 DEI - 10.69 DEI 2 



r.s.d. = 1.64, r = 0.93 
r.s.d. = 0.61, r = 0.96 
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DE of diet (MJ kg" 1 DM) 

Fig. 7.4. Effect of dietary energy concentration on growth rate ♦ and total DE intake ▲ (Partridge 
etal., 1989). 



PG = - 2.42 +10.01 DEI - 1.70 DEI 2 
FG = - 2.76 + 1.69 DEI + 5.75 DEI 2 
AG = -0.91 +3.21 DEI - 1.51 DEI 2 



r.s.d. = 0.38, r = 0.91 
r.s.d. = 0.45, r = 0.94 
r.s.d. = 0.12, r = 0.67 



The same equations were transformed to formulate other equations which 
estimated retained energy as protein (RE P ) and as fat (RE f ) and total RE (RE g ) 
as a function of DEI (all data are expressed as MJ day* 1 kg* 1 LW 0 75 ): 

RE P = - 0.057 + 0.234 DEI - 0.040 DEI 2 r.s.d. = 0.009, r = 0.91 

RE t = - 0.098 + 0.060 DEI + 0.204 DEI 2 r.s.d. = 0.016, r = 0.94 

RE g = -0.155 + 0.294 DEI + 0.164 DEI 2 r.s.d. = 0.012, r = 0.96 

In fact, body protein and fat have specific caloric values, namely 23.347 and 
35.564 MJ kg* 1 respectively, as determined by bomb calorimetry (Parigi Bini 
and Dalle Rive, 1978). Recently, Nizza et al. (1995) found similar caloric 
values (23.1 and 35.7 kJ g* 1 ), thereby confirming that the caloric value of 
rabbit fat is lower than that of other animal fats (on average 38-40 MJ kg* 1 ) 
(Close, 1990). The caloric value of fat was found to be higher in reproducing 
does (36-37 MJ kg* 1 ) than in growing animals, probably related to the lower 
content of phospholipids in older and fatter animals (Cambero et al., 1991; 
HulotefaZ., 1992; Fortun, 1994). 

As presented in Fig. 7.5 and Table 7.3. the previous equations show an 
increase in EBG as DEI increases and a strong modification of the chemical 
composition of EBG (and consequently its energy value). When DEI = 0, 
substantial losses of body weight and body tissues occur and the body loses 
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(b) 




Fig. 7.5. Influence of DE intake on EB gain composition (a) and partition of energy retained as 
protein and fat (b) (from Parigi Bini and Xiccato, 1986). 

155 kJ day 1 kg' 1 LW 075 . This loss is called ‘fasting metabolism’, which 
means the loss of body energy at fasting. 

As mentioned above, when DEI is equal to 273 kJ day' 1 kg' 1 LW 075 , the 
EB weight is maintained (EBG = 0) but losses of fat (-1 .9 g day 1 kg' 1 LW° 75 ) 
and energy (-62 kJ day' 1 kg' 1 LW 075 ) are observed. 

As discussed above, when DEI = DE m , the energy equilibrium is reached 
as a consequence of a gain of energy (36 kJ day' 1 kg' 1 LW 0 75 ) as protein (+1.5 g 
day' 1 kg 1 LW 0 75 ) and an equivalent loss of energy as fat (-1.0 g day 1 kg' 1 
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Table 7.3. Empty body gain (EBG) composition and RE partition as influenced by DE intake (DEI) 
(all data are in kJ or g day' kg' 1 LW 0 75 ) (recalculated from Parigi Bini and Xiccato, 1986). 



EBG composition 



DEI 

(kJ) 


EBG 

(g) 


WG 

(g) 


PG 

(g) 


FG 

(g) 


AG 

(g) 


RE P 

(kJ) 


RE, 

(kJ) 


REg 

(kJ) 


0 


-12.6 


-6.5 


-2.4 


-2.8 


-0.9 


-57 


-98 


-155 


273 


0.0 


1.8 


0.2 


-1.9 


-0.1 


4 


-66 


-62 


425 


6.5 


5.8 


1.5 


-1.0 


0.2 


36 


-36 


0 


900 


24.4 


15.0 


5.2 


3.4 


0.8 


122 


122 


244 


1000 


27.8 


16.4 


5.9 


4.7 


0.8 


137 


166 


303 



LW 0 75 ). At the same time, EBG is positive (6.5 g day -1 kg- 1 LW 0 75 ) primarily 
due to water retention. 

With increasing DEI, protein gain (in weight) always remains higher than 
fat gain, but, at DEI = 900 kJ day 1 kg 1 LW 0 - 75 , RE as protein and fat become 
equal (RE P = RE, = 122 kJ day 1 kg LW 075 ). When DEI reaches the highest 
values (about 1000 kJ day -1 kg LW 075 ), which correspond to voluntary 
intake, RE f > RE P and total RE reaches the maximum level (RE g = 303 kJ 
day -1 kg-‘ LW 075 ). 

These equations can be used to calculate composition of daily gain 
throughout the entire growing period (e.g. from 0.65 to 2.5 kg LW). During 
this time, the average LW 075 is about 1.4 kg. With ad libitum feeding (DEI = 
1000 kJ day 1 kg 1 LW 0 75 ), EBG is 38.9 g day 1 (27.8 g day- 1 kg 1 LW 0 75 x 1.4), 
and LW gain is 44.7 g day 1 (assuming EB weight = 0.87 LW). Daily EBG is 
then composed of 22.9 g (0.589) of water, 8.3 g (0.213) of protein, 6.6 g 
(0.170) of fat and 1.1 g (0.028) of ash. This chemical composition of daily 
growth is typical of a young, rapidly growing rabbit. 

The above listed regression equations relating RE to DEI are not linear. 
From the same data set. the following linear regression equation can be 
estimated (data are expressed in kJ day- 1 kg 1 LW 0 75 ): 

RE g = -235 + 0.527 DEI r.s.d = 22, r = 0.97 

which indicates a DE m = 446 kJ day- 1 kg- 1 LW 075 and an efficiency of 
utilization of DE for growth of 0.53. This efficiency is close to that found by 
de Bias et al. (1985) and Partridge et al. (1989) (Table 7.4). 

The efficiency of energy utilization for growth is clearly influenced by 
the composition of growth, because energy is retained as protein less 
efficiently than energy is retained as fat (Blaxter, 1989; Close, 1990). 
Estimates of efficiency of DE utilization for protein and fat deposition are 
given in Table 7.4. Efficiencies of DE utilization for energy deposition as 
protein and fat appear to be 0.38-0.44 and 0.60-0.70, respectively. 

Using the factorial method and the above-mentioned coefficients of 
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Table 7.4. Efficiency of DE utilization for RE g and RE as protein (RE P ) and fat (RE f ). 



Authors 


AREg/ADEI 


AREp/ADEI 


ARE,/ADEI 


De Bias etal. (1985) 


0.52 


0.38 


0.65 


Parigi Bini and Xiccato (1986) 


0.53 


0.44 


0.70 


Partridge etal. (1989) 


0.47 


0.39 


0.60 


Nizza etal. (1995) 


0.51 a 


0.39-0.41 


0.64-0.66 


Average 


0.51 


0.40 


0.65 



"Calculated value. 



energy utilization and DE m values, the DE requirement and energy and 
chemical balance in growing rabbits can be estimated. An example regarding 
rabbits from 0.8 to 2.4 kg is provided in Box 7.1. 

Energy requirements for reproduction and lactation 

The energy metabolism of rabbit does in different reproductive states has 
been investigated (see review of Partridge, 1986). According to the results of 
these studies, the dietary DE appears to be utilized very efficiently by 
lactating does, i.e. more than 0.80. This very high overall efficiency of energy 
utilization may be due to body fat mobilization for milk synthesis, 
particularly in mid-lactation (when milk production is high) or when 
pregnancy is concurrent with lactation. 

Information on the changes of body composition in reproducing does, 
and on the partition and utilization of dietary energy for maternal and fetal 
tissue synthesis and/or for milk production was given in a successive series of 
experiments (described below) using the comparative slaughter technique. A 
further objective of these experiments was a more precise definition of the 
energy requirements and the utilization and partition of dietary energy in 
primiparous rabbit does. 



Pregnancy 

Parigi Bini et al. (1990a, 1991a) observed that primiparous does undergo 
wide variations in body composition, tissue deposition, and energy retention 
(Table 7.5). During early and mid gestation (0-21 days), the live weight 
increase is similar to that of non-pregnant does. During late pregnancy (21- 
30 days), the empty body weight decreases as a result of a protein and fat loss 
and a transfer of energy to the rapidly growing fetuses. At the same time, 
non-pregnant does continue to gain weight and retain body energy, primarily 
in the form of fat. 

Milisits et al. (1996) have recently confirmed these results by comparing 
the variations in the body composition of pregnant and non-pregnant does 
using CT. The total balance of body tissue showed a net loss in fat during the 
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Box 7.1. Estimate of DE requirements and efficiency of utilization of DE in growing rabbits from 

weaning (35 days) to slaughter (75 days). 

Reference data 
LW at weaning = 0.8 kg 
LW at slaughter = 2.4 kg 
EBG = 0.87 LW gain 

EBG composition = water 0.61; protein 0.21; fat 0.15; ash 0.03 
Caloric value of body protein = 23.2 kJ g _1 
Caloric value of body fat = 35.6 kJ g-' 

Efficiency of DE utilization for RE as protein = 0.40 
Efficiency of DE utilization for RE as fat = 0.65 
Dietary DE concentration = 10 MJ kg -1 
Maximum DE intake = 950 kJ day 1 kg -1 LW 075 

Calculated data 
Daily LW gain = 40 g day 1 
EBG = 34.8 g day 1 
Protein gain = 7.3 g day 1 
Fat gain (FG) = 5.2 g day 1 

Average metabolic LW (LW 075 ) = ((0.800 + 2.400)/2) 07S = 1.42 kg 
RE as protein (RE P ) = 1 69 kJ day 1 
RE as fat (RE,) = 1 85 kJ day 1 
Total RE (RE g ) = 354 kJ day 1 

DE requirement and efficiency for growth 
DE m = 430 kJ day 1 kg- 1 LW 0 75 = 611 kJ day 1 
DE requirement for RE P = 169 / 0.40 = 423 kJ day 1 
DE requirement for RE, = 185/ 0.65 = 285 kJ day 1 
DE requirement for growth (DE g ) = 708 kJ day 1 
Efficiency of DE utilization for growth = 354 / 708 = 0.50 
Total DE requirement = DE m + DE g = 1319 kJ day 1 (929 kJ day 1 kg- 1 LW 0 75 ) 

Required feed intake = 132 g day 1 



entire pregnancy that was evenly distributed throughout the different fat 
deposits (intrascapular, perirenal and pelvic fat). 

Data concerning various blood plasma metabolites confirm the 
significant modification of energy metabolism in late pregnancy (Parigi Bini 
et al., 1990a). In the last period of pregnancy, the glucagon level increased, 
but glucose and triglyceride levels decreased. Glucagon is involved in the 
control of catabolic utilization of body reserves and a similar change in level 
was reported by Jean-Blain and Durix (1985). The transfer of energy from the 
body of the doe to the fetuses leads to an energy deficit that is particularly 
concentrated in the last 10 days of pregnancy, as reported for sows (Noblet 
and Close, 1980) and ewes (Rattray et al., 1980). 
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Table 7.5. Variation of body composition in non-pregnant and pregnant (1st pregnancy) does (from 
Parigi Bini and Xiccato, 1993). 



Days on trial 


0 


21 


30 


Non-pregnant does 


Empty body weight (kg) 


2.70 


3.16 


3.27 


Water 


0.62 


0.60 


0.58 


Protein 


0.22 


0.21 


0.20 


Fat 


0.13 


0.16 


0.19 


EB energy (MJ kg -1 ) 


9.8 


10.6 


11.4 


Pregnant does 


Days of pregnancy 


0 


21 


30 


Empty body weight" (kg) 


2.70 


3.15 


2.98 


Water 


0.62 


0.60 


0.60 


Protein 


0.22 


0.22 


0.22 


Fat 


0.13 


0.16 


0.15 


EB energy (MJ kg -1 ) 


9.8 


10.7 


10.6 



"Excluding pregnant uterus. 



The efficiency of utilization of DE for maternal tissue accretion in 
pregnant or non-pregnant does was estimated to be 0.49 (Parigi Bini et al., 
1991a) and this value is similar to the above-mentioned efficiency in growing 
rabbits. On the other hand, Partridge et al. (1986) found a higher efficiency of 
DE for body growth (0.64) in non-lactating does (pregnant and non-pregnant), 
but with a concomitant lower DE ra requirement (352 kJ day 1 kg ! LW 075 ). 

The efficiencies of utilization of dietary DE for fetal growth (AEf etus / 
ADEI) (Parigi Bini et al., 1991a, 1992; Xiccato et al., 1992b), namely 0.31 in 
pregnant nulliparous does and 0.27 in lactating and pregnant does, appear to 
be low (see Table 7.6). Similar or lower efficiencies for fetal growth were 
observed in experiments on pigs (0.20-0.30), as reported by Walach-Janiak et 
al. (1986). Explanation for the high energy cost of fetal growth may come 
from the very high protein content of the fetal body and its extremely rapid 
turnover (Young, 1979). 

Lactation and concurrent pregnancy 

The energy output in the milk (E mi ik) during lactation is exceptionally high in 
rabbits, compared with other species, due to the rate of milk production (200- 
300 g day -1 ) and the high concentration of DM (300-350 g kg -1 ), protein 
(100-150 g kg -1 ) and fat (120-150 g kg -1 ) (Lebas, 1971; Partridge et al., 
1983, 1986b; Fraga et al., 1989; Parigi Bini et al., 1992). The chemical 
composition of rabbit milk changes substantially during lactation, as 
described by Lebas (1971). In particular, the DM content decreases in the first 
1-3 days, as colostrum becomes milk, then remains constant for 2-3 weeks, 
and finally increases as the milk yield decreases. On the other hand, the 
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Table 7.6. Efficiency of utilisation of DE and body energy of does (RE d ) for fetal growth ( E fet us) and 
energy milk production ( Emilk)- 



Authors 


AEfetus/ADEI 


AEmiik/ADEI 


AEmilk/AREd 


Partridge etal. (1983, 1986b) 




0.68-0.84 


0.94 


Partridge etal. (1986a) 




0.62 




Fraga etal. (1989) 




0.71 




Parigi Bini etal. (1991 a,b, 1992) 


0.27-0.31 


0.63 


0.76-0.81 


Xiccato etal. (1992b, 1995) 


0.30 


0.63 


0.76 



composition of milk DM tends to remain unchanged, except for a constant 
reduction in lactose, and therefore the caloric value of milk is strictly 
dependent on the variation of DM content (Parigi Bini et al., 1991b; Xiccato 
et al., 1995). Different measurements of milk energy concentration and 
variation during lactation are listed in Table 7.7. 

The average caloric value of 8.4 MJ kg -1 is very close to the value of 8.53 MJ 
kg 1 reported by Blaxter (1989) and is about 2.8 times higher than that of cow 
milk (2.97 kJ g* 1 ). At the same time, if the daily excretion of energy as milk is 
expressed in terms of metabolic weight, the average milk energy output is 
higher in rabbits than in cows. For example, a 4 kg doe producing 250 g day* 
1 of milk excretes 752 kJ E m iik day 1 kg LW 0 75 , while a 600 kg cow producing 
25 kg day -1 of milk excretes only 612 kJ E milk day* 1 kg* 1 LW 0 75 . 

With respect to the utilization of DE for milk production (Table 7.6). the 
estimate of 0.63 in both lactating non-pregnant and lactating and concurrent 
pregnant does (Parigi Bini et al., 1991a,b, 1992) agrees with the estimate 
made by Lebas (1989), but is much lower than the results of Partridge et al. 
(1983, 1986b), who reported an efficiency of ME utilization for milk 
production varying from 0.74 to 0.94. Nevertheless, these coefficients were 
ascribed to the particular diets used (high fat, high protein) and a value of 



Table 7.7. Energy concentration (MJ kg* 1 ) and variation of rabbit milk during lactation. 



Authors 


1 st week 


2nd and more weeks 


Final week 


Average 


Lebas (1971)“ 


8.10 


7.11 


10.22 


8.02 


Partridge etal. (1983) 


8.42 


9.01 


10.25 


9.17 


Partridge et al. (1986a)“ 




7.13-7.79 




7.46 


Partridge etal. (1986b) 




8.39 


10.0-14.6 




Fraga etal. (1989) 




7.98 




7.98 


Parigi Bini etal. (1991b) 




7.75 


9,84 


8.27 


Maertens (1992) 




8.0 


9,0-12.0 




Xiccato etal. (1995) 




8.06-8.76 




8.42 


Average 


8.3 


8.0 


10.8 


8.4 



“Estimated energy values from chemical composition (Partridge etal., 1986a). 
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metabolizable energy efficiency of 0.65 for normal diets was proposed 
(Partridge, 1986; Partridge et al., 1986a). This value corresponds to about 
0.61-0.62 in terms of DE efficiency. 

Finally, the efficiency of utilization of energy retained in the body (RE d ) 
for milk production was 0.81 inlactating does (Parigi Bimetal., 1991a,b) and 
0.76 in lactating and pregnant does (Parigi Bini et al., 1992; Xiccato et al., 
1992b); the values found for utilization of both the dietary energy and the 
maternal energy for lactation agree with the results of experiments conducted 
on other animal species (cattle and pigs) and the theoretical calculations 
reported by Blaxter (1989). 

Similarly to the estimate for growing rabbits, a calculation of the energy 
requirement and body balance can be made for reproducing does. Box 7.2 
provides an example regarding lactating non-pregnant does. 

Energy and chemical balance during reproduction 
The considerable energy excretion through milk in lactating does, which is 
even more pronounced in selected ‘hybrid’ does, is not completely 
compensated for by voluntary DE intake, and this causes a consistent deficit 
in both body tissues and energy. During the first lactation, the body of the doe 
is subjected to a marked reduction in energy reserves following the 
mobilization of fat deposits, while the body protein level remains unchanged 
(Parigi Bini et al., 1990b, 1991b, 1992; Xiccato et al., 1992b, 1995) (Fig. 
7.6). Unlike other species, this energy loss remains constant throughout 
lactation (Parigi Bini et al., 1990b) and no recovery is observed during the 
final phase due to milk production, which remains high even after 25-30 days 
of lactation (Fortun, 1994). 

In post partum (PP) mated does (therefore concurrently pregnant and 
lactating), a rapid reduction in milk production is observed after 20 days of 
lactation (Febas, 1972; Febas et al., 1984; Maertens and De Groote, 1988; 
Parigi Bini et al., 1992; Xiccato et al., 1995) (see Fig. 7.9). Nevertheless, 
energy requirements remain high due to the rapid development of the fetuses 
and uterine tissues. The simultaneous condition of pregnancy accentuates 
these chemical modifications and is responsible for a further reduction in fat 
content and body energy levels. The overlapping of pregnancy and lactation 
prevents the return to normal body conditions (Fortun et al., 1993) and 
increases the protein requirements in response to the elevated demand for 
protein by the fetuses and the rapid turnover in fetal protein (Parigi Bini et al., 
1992; Xiccato et al., 1992b, 1995). 

Fortun (1994) compared the energy balance in pregnant non-lactating 
does (P) and in pregnant and lactating does (FP) in their second pregnancy 
(Table 7.8). In this study, a positive energy balance in P does (+12.51 MJ at 28 
days of pregnancy) was estimated, whereas FP does were found to be in 
negative balance (-11.78 MJ). Moreover, in FP does the energy deficit 
appears higher during the second half of pregnancy. 
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Box 7.2. Estimate of DE requirements and body energy and fat balance in lactating does 

(assuming protein balance in equilibrium). 

Reference data 
Average LW = 4.25 kg 
Days of lactation = 30 days 
Milk production = 220 g day' 

Caloric value of milk = 8.4 MJ kg - ’ 

Caloric value of fat in the maternal body = 36.5 MJ kg -1 
Efficiency of DE utilization for milk energy (E mHk ) = 0.63 
Efficiency of body energy (RE d ) utilization for E mNk = 0.78 
Dietary DE concentration = 11 MJ kg -1 
Maximum DE intake (DEI) = 1250 kJ day -1 kg -1 LW 075 
Protein balance = 0 

Calculated data 
Average LW 075 = 2.96 kg 
Emiik = 220 x 8.4 = 1 848 kJ day -1 

DE requirement 

DE m = 430 kJ day -1 kg -1 LW 075 = 1273 kJ day -1 

DE requirement for milk production (DE mNk ) = 1848 / 0.63 = 2933 kJ day’ 

Total DE requirement = DE m + DE milk = 4206 kJ day' (1420 kJ day' kg - ’ LW 075 ) 

Body energy and tissue balance 
Maximum DEI = 1 250 x 2.96 = 3700 kJ day’ 

Maximum feed intake = 336 g day’ 

DEI deficit = -506 kJ day’ 

E mJk from dietary energy = 1848 - 506 x 0.63 = 1529 kJ day' 

En* from body energy = 1848 - 1529 = 319 kJ day’ 

Body energy (RE d ) retained = -319 / 0.78 = -409 kJ day' 

Fat loss = -409 / 36.5 = -11. 2 g day’ 

Total body fat loss during lactation = -336 g 
Total body energy loss = -12.27 MJ 



Rabbit does in their second pregnancy and maintained in different 
nutritional and lactation conditions were compared (Fortun, 1994). The 
energy balances of these experimental groups are shown in Table 7.9, where it 
is apparent that a moderate feeding restriction during the second half of 
pregnancy helps to partially reduce the energy gain in the maternal body and 
limit overfattening (RNL does). A severe feeding restriction (Ml and R1 
does) during pregnancy, on the other hand, can induce an energy deficit 
similar to that observed in does lactating for ten pups. The reduction of the 
number of suckling pups to only four in the FL rabbits did not consistently 
decrease the energy deficit; in fact, milk production remained high because 
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Fig. 7.6. Material and energy balance of primiparous does in different physiological states (Parigi 
Bini and Xiccato, 1993; Xiccato, 1996). 

each pup suckled more milk and the energy requirement for pregnancy 
concurrent with lactation remained unchanged. 

The nutritional deficit provoked by lactation or feeding restriction also 
appears to be responsible for the decreased reproductive efficiency of lactating 
and concurrently pregnant does, and consequently a reduction in fetal 
development and viability (Viudes-De Castro et al., 1991; Parigi Bini et al ., 1992; 
Fortun et al., 1993; Fortun and Lebas, 1994; Fortun-Lamothe and Bolet, 1995). 

The stimulation of energy intake is necessary to reduce the energy deficit 
in the lactating does (Cheeke, 1987). In fact, the genetic selection and the 
crossbreeding programmes of the most common European hybrid lines are 
based on the increase in litter size at birth and daily milk production as their 
main objectives, relegating the goal of increasing voluntary feed intake and 
maintaining the body conditions of the females to secondary importance (De 
Rochambeau, 1990; Maertens, 1992; Xiccato, 1996). 



Table 7.8. Energy balance in pregnant non-lactating does (P) and concurrently pregnant and 
lactating does (LP) at 28 days of their second pregnancy (Fortun, 1994). All values are in MJ. 





P does 


LP does 


No. of does 


72 


79 


DE intake 


54.72 


87.35 


DE requirements 
Maintenance 


33.21 


35.51 


Milk production 




57.11 


Fetal growth 


9.00 


6.51 


Total balance 


+12.51 


-11.78 
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Table 7.9. Effect of the nutritive level and the reduction of the number of suckled pups on the 
energy balance of does during the second pregnancy (Fortun, 1994). All values are in MJ. 



Feeding level 


Restricted 




Ad libitum 




Groups 3 


RLN does 


Ml does 


R1 does 


FL does 


No. of does 


27 


20 


19 


27 


DE intake 


51.58 


32.53 


23.50 


80.32 


DE requirements 
Maintenance 


34.85 


32.96 


32.25 


35.78 


Milk production 
Fetal growth 


8.15 


5.96 


5.70 


46.64 

6.85 


Total balance 


+8.58 


-6.39 


-14.45 


-8.95 



a RNL does; non-lactating and restricted (0.75 ad libitum) from 15 to 28 days of pregnancy; Ml 
does: non-lactating and restricted at maintenance level; R1 does: non-lactating and restricted at 
0.75 of maintenance level; FL does: lactating for four pups and fed ad libitum. 



It has been demonstrated that the limiting factor on doe productivity is 
not milk production but voluntary feed intake. For this reason, as DEI 
increases, milk production also tends to increase, thereby cancelling, at least 
partially, the effect of increased DEL Figure 7.7 illustrates the energy balance 
achieved in 104 breeding does in different experiments (Xiccato, 1996). An 
increase of 1 kJ in the DEI leads to a proportional increase in milk energy 




Fig. 7.7. Effect of DEI on energy milk production (E mi | k ) and energy retained in the doe body (RE d ) 
(data expressed in kJ day 1 kg -1 LW 0 75 ) (Xiccato, 1996). 
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output (+0.434 kJ) and a more limited reduction in the energy deficit 
(-0.203 kJ). This trend, linear throughout the time period evaluated, shows a 
DEI capable of maintaining the body energy equilibrium of a doe (REj = 0) 
equal to 1585 kJ day -1 kg LW 0 75 . At this DEI level, the energy milk output is 
711 kJ day 1 kg LW 0 75 , which corresponds to about 250 g day -1 of milk in a 
4.25 kg rabbit (assuming a milk energy concentration of 8.4 MJ kg -1 ). Using a 
diet with 10.5 MJ kg -1 of DE, this female must be able to ingest at least 150 g 
day -1 kg -1 LW 075 , i.e. about 440-450 g day -1 . Such an average voluntary 
intake during the entire period of lactation is very unusual in primiparous and 
second parity does. 

The above-mentioned equations indicate that any intervention designed 
to stimulate energy intake will only very rarely provide a substantial 
reduction in the body energy deficit. In some cases, a simultaneous increase 
in daily energy intake and milk production does not produce improvements in 
the nutritional state of does. Figure 7.8 shows the change in protein and 
energy deficit in lactating and concurrent pregnant does fed three different 
diets: one moderate-energy diet (M diet, 10.1 MJ kg -1 ) and two high-energy 
diets (H diet, with increased starch concentration, 11.0 MJ kg -1 ; and F diet, 
with added animal fat, 10.7 MJ kg -1 ) (Xiccato et al., 1995). The high-energy 
diets, especially the F diet, stimulated DEI and milk production proportion- 
ally, in this way positively affecting litter growth but without improving 
protein and energy balance. 

In addition to the stimulation of milk production, any increase in DEI is 
generally associated with increased feed intake. This leads to a faster digestive 
transit and a consequent reduction in the digestive utilization of the dietary 
energy, which makes the objective of solving the energy deficit even more 
difficult to achieve (Xiccato et al., 1992a; de Bias et al., 1995; Xiccato, 1996). 




- 10 - 



- 15 - 



LP 




-20 




“30 ' ■ M diet (low starch) 

-35 - □ H diet (high starch) 

. □ F diet (added fat) 



Fig. 7.8. Protein (a) and energy (b) balance in lactating (L) and concurrently lactating and 
pregnant does (LP) (Xiccato etal., 1995). 
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The problem of body energy deficit occurs most frequently during the 
first lactation, but assumes less importance in successive lactations, as 
reported by many studies (Simplicio et al., 1988; Parigi Bini et al., 1989; 
Battaglini and Grandi, 1991; Castellini and Battaglini, 1991) which observed 
an increase of 10-20% in feed intake from the first to the second lactation, 
7-15% from the second to the third, and 3-7% from the third to the fourth 
lactation, before finally reaching a stable level. Milk production also 
increases with parity order, but less markedly, and this permits better 
maintenance of the energy balance. 

Breeding rhythm 

As described from the comparison between pregnant and non-pregnant does, 
the breeding system can greatly affect the energy balance of lactating does, 
and influences both milk production and feed intake (Fig. 7.9). 

Lactation and pregnancy completely overlap when a PP remating rhythm 
is adopted, thus causing a deterioration in the energy balance and the 
depletion of protein reserves in the does, as described above. Moreover, the 
lack of a rest period between lactations precludes the recovery of energy 
reserves and has negative repercussions on reproductive performance: low 
fertility, reduced litter sizes, and higher doe replacement rates. The female 
cannot become pregnant and only a consequently longer interval between 
lactations permits the restoration of body energy reserves. 

An increase in milk production and an improvement in reproductive 
performance were observed when semi-intensive breeding rhythms were 
adopted (remating 9-15 days PP), while the diet was found to play a marginal 
role (Mendez et al., 1986; Fraga et al., 1989; Cervera et al., 1993). All over 
the world, most breeders have by now abandoned the excessively intensive 
PP reproductive cycle in favour of a 10-12 days PP remating schedule (Fig. 
7.10), which amounts to a theoretical 42 -day interval between parturitions, or 
rather, remating every 6 weeks. This reproductive cycle, although still 
considered intensive, permits adequate recovery of the body energy loss of 
does and has proven to be the ideal compromise between economic 
convenience and the physiological and metabolic requirements of the does 
(Maertens, 1992; Xiccato, 1993). 

Widespread opinion holds that, in addition to reducing reproductive 
performance, a more extensive remating interval (21-28 days PP or even 
post-weaning) requires the use of restricted feeding in order to prevent the 
excessive fattening of does and the negative consequences for fertility and 
prolificacy that usually result (Maertens, 1992). A technical choice such as 
this should be governed only by particular management necessities (e.g. the 
‘single-cycle’ or ‘bande unique’ system) or the use of unimproved breeds and 
non-intensive production systems. 

In contrast to this opinion, Parigi Bini et al. (1996) have recently 
demonstrated that primiparous rabbits remated 12 days PP do not recover 
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(a) 




(b) 



Days of lactation 




Fig. 7.9. Effect of breeding rhythm on milk production (a) and food intake (b) (Xiccato, 1993, 1996). 

their lactation energy deficit, which remains rather high (-26% of the initial 
energy level) and not very much lower than the deficit recorded during the 
lactation period (-32%) (Fig. 7.11). More surprising, however, is the fact that 
not even a longer remating interval (28 days PP) permits the recovery of the 
energy deficit caused by lactation, which remains at -16%. While 
demonstrating the positive effect of more extensive remating intervals, this 
result is undoubtedly caused by the natural decrease in the food intake of the 
doe at the end of lactation, which makes return to the original levels of energy 
reserves even longer. 

Another aspect to be considered in order to reduce the doe energy deficit 
is the correct preparation of the young female destined for reproductive 
activity. This animal has to withstand both the rapid and intense metabolic 
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remating 

Days after parturition 



Fig. 7.10. Changes in energy balance and energy intake during lactation (Xiccato, 1993, 1996). 




Fig. 7.11. Effect of different breeding rhythm on chemical and energy balance in rabbit does 
(Parigi Bini ef a/., 1996). 
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Table 7.10. Influence of a low-energy diet given from weaning until first mating on the ensuing 
lactation and empty body balance (Parigi Bini eta!., 1995). 





Diet fed before first mating 




Control diet 


Low-energy diet 


LW at parturition (g) 


3846 


3833 


LW at the end of lactation (g) 


3939 


3848 


Milk production (g day 1 ) 


206 


204 


Food intake (g day 1 ) 


331 


340 


DE intake (kJ day' kg -1 LW 0 75 ) 


1203 


1245 


EB gain (g) 


-233 


-221 


EB balance (% change) 
Water 


10.8 


6.9 


Protein 


6.9 


6.4 


Fat 


-68.3 


-59.4 


Mineral 


0 


-3.2 


Energy 


-41.0 


-36.1 



processes of lactation and pregnancy and the pronounced modification in body 
composition following the depletion of body energy reserves. In contrast with 
the indications provided by Maertens (1992), which suggested reducing dietary 
energy intake in young females and giving them 35 g day kg LW of a lactation 
diet until 17 or 18 weeks of age, followed by a 4-day flushing before mating, 
Parigi Bini et al. (1995) proposed feeding them a non-restricted low-energy diet 
from weaning until mating, followed by an ad libitum 'lactation diet’ for the 
first pregnancy onwards. Such a feeding programme stimulated voluntary feed 
intake without affecting milk production, therefore limiting the energy deficit 
(-36% vs. -4 1 % of initial content) in the primiparous does (Table 7.10). 
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Introduction 

To synthesize proteins (for example meat, milk and hair proteins) the rabbit 
simultaneously requires all constituent amino acids. Some amino acids, those 
that the animal does not synthesize, are defined as essential and have to be 
supplied by the diet. The requirements of animals therefore are for amino 
acids, rather than for protein. 

Thus, the dietary protein level necessary to meet the requirements of the 
rabbit vary according to: (i) its amino acid profile; (ii) the degree to which the 
protein is digested; and (iii) the amount of feed ingested which, in turn, de- 
pends on the dietary digestible energy (DE) concentration. Consequently, 
information about the digestible essential amino acid levels in relation to the 
DE content of diets would be extremely valuable. However, there is only 
limited information available on this in rabbits, such that it is not possible to 
express requirements in such units. 

Currently, information on the dietary digestible protein/digestible energy 
(DCP/DE) ratio is valuable because it includes two of the most important 
variable factors mentioned above. The utilization of digestible units to 
express protein requirements is obviously more appropriate because of the 
considerable differences in protein digestibility between feed ingredients, the 
average values expressed as coefficients for protein concentrates, cereals, 
forages and by-products being 0.79, 0.73, 0.61 and 0.55, respectively 
(Villamide and Fraga, 1998). 

Information on the optimal dietary DCP/DE ratio should be complement- 
ed with the amino acid requirements expressed, if possible, in terms of 
digestible amino acids. Although recommended digestible levels of the more 
limiting amino acids have recently been published (Taboada et al., 1994, 
1996; de Bias et al., 1996), data on amino acid digestibility of different feed- 
stuffs are still limited. 

This chapter reviews the information that permits the calculation of daily 
protein requirements (expressed in g DCP day -1 ) of rabbits. The practical 
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recommendations presented in Chapter 13 should be used until more 
information about amino acid requirements becomes available. 



Maintenance requirements 

There are unavoidable (obligatory) losses of amino acids from the body that 
require replacement to maintain body conditions constant. These losses are 
important in tissues where there is significant sloughing of cells such as in 
skin, hair and intestinal mucosae. The requirements to support these activities 
are determined as the intercept of the regression equation which relates the 
amounts of an amino acid ingested to the quantities retained, and are called 
maintenance requirements. There are few data on maintenance requirements 
for amino acids in rabbits, but the values for crude protein (CP) are 2.9 and 
3.7 g digestible CP kg LW~° 75 day -1 in growing and doe rabbits, respectively 
(Box 8.1). 



Box 8.1. Protein requirements for rabbits 3 . 

1. Maintenance 

(i) Growing animals: 2.9 g DCP kg LW -075 day 1 
(see text) 

(ii) Pregnant and lactating does: 37-3.8 DCP kg LW' 0 75 day 1 (refs 1, 2). 

2. Milk production 

(i) Protein content of milk: 115 g CP kg- 1 (360 g kg -1 on a DM basis) (refs 3, 4). 

(ii) Efficiency of utilization of dietary digestible protein (DCP) in milk protein synthesis: 0.76— 
0.80 (refs 1,2). 

(iii) Efficiency of utilization of body protein for milk protein synthesis: 0.59-0.61 (refs 1, 2). 

3. Pregnancy 

(i) Efficiency of utilization of dietary DCP for fetal growth: 0.42-0.46 (refs 1, 3). 

4. Growth 

(i) Protein content in live weight gain: 180 g CP kg -1 (600 g kg -1 DM) (refs 6, 7, 8). 

(ii) Efficiency of utilization of dietary DCP for body protein synthesis: 0.56 (see text). 

a lf the average live weight of the growing rabbit is known, the maintenance requirements in 
DCP day 1 can be calculated (1(i)). If the rate of growth, the protein content in weight gain (4(i)) 
and the efficiency of utilization of dietary DCP for body protein synthesis (4(ii)) are known, the 
growth requirements in DCP day 1 can be calculated. The sum is the total requirement in DCP 
day 1 of a growing rabbit. The same procedure may be used for the other physiological 
situations. 

References: 1, Xiccato etal., 1992; 2, Parigi Bini etal., 1991; 3, Fraga etal., 1989; 4, Xiccato 
etal., 1995; 5, Parigi Bini efa/., 1992; 6, Garcia etal., 1992; 7, Motta Ferreira etal., 1996; 8, 
Fernandez and Fraga, 1996b. 
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Requirements for growth 

Body composition 

The amino acid composition of whole body protein of growing rabbits is 
presented in Table 8.1. There is a notable similarity with the amino acid 
pattern of other species such as pigs or rats; the main difference is related to 
the high cystine content (a high proportion of hair to rabbit whole body, and a 
high level of cystine in hair protein). On the other hand, the methionine 
content of the body of rabbits is low. There is a close agreement between the 
sum of the individual amino acid levels and the CP content. 

When comparing rabbits of different breeds and strains at the same live 
weight, the differences are very small for body CP content. However, a higher 
content of body fat and energy and a lower content of water is observed in 
fast-growing rabbits. 

In the same way, the influence of body weight and sex on the body CP 
content is small. The males had a slightly higher body CP content than females 
(1-2%; Fraga et al., 1983; Fernandez, 1993), but the differences for amino 
acids due to sex are small and generally not significant (Moughan et al., 1988). 

Table 8.1. Amino acid composition (mg g _1 N) of the whole growing body 3 and of the milk of doe b 
rabbits. 



Amino acids 


Whole body 


Milk 


Absolute 

value 


Relative 
to lysine 


Absolute 

value 


Relative 
to lysine 


Lysine 


383 


100 


451 


100 


Alanine 


365 


74 


228 


50 


Arginine 


415 


108 


328 


73 


Aspartic acid 


467 


121 


451 


100 


Histidine 


193 


50 


159 


35 


Isoleucine 


194 


51 


304 


67 


Leucine 


429 


112 


567 


125 


Methionine 


77 


20 


150 


33 


Cystine 


158 


41 


175 


39 


Glutamic acid 


788 


205 


1220 


270 


Glycine 


466 


121 


106 


23 


Phenylalanine 


249 


65 


281 


62 


Serine 


283 


74 


228 


50 


Threonine 


245 


64 


305 


67 


Tyrosine 


192 


50 


332 


73 


Valine 


239 


62 


382 


85 



a 53-day-old New Zealand rabbits (Moughan etal., 1988). 

b New Zealand x Californian doe rabbits (M.J. Fraga, unpublished data). 



